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ABSTRACT

.4
Two systems for remote measurements of the air-sea fluxes

of momentum, sensible heat and moisture during moderate to

strong winds are described. One employs the dissipation method

and the other the Reynolds flux or eddy correlation method. A

modified Gill propeller-vane anemometer is the velocity sensor

and a method of resolving the vertical velocity component, that

accounts for the propeller's non-cosine behavior and avoids its

non-linear operating region, is derived. The dynamic responses

of the sensors are found from measurements in the actual

turbulent conditions of the flux measurements.

The results of an experiment on the Bedford tower, a stable

platform moored in 59m of water 10 km offshcre, are Fresented.

Spectra, cospectra, turbulence statistics and transfer

coefficients are calculated from the Reynolds flux velocity and

temperature data and found to be comparable to previously

reported values. Simultaneous dissipation and Reynolds flux

estimates of both the momentum and sensible heat fluxes in up to

20 i/s winds are shown to be in excellent agreement.

Also presented are the results of a seccud experiment where

the systems were deployed on the weathership CCGS Quadra. A

comparison of ship and tower drag coefficients from the

dissipation system, demonstrates that the Bedford tower is

essentially an open ocean site. ,.The neutral drag coefficient,

CDU, is found, on average, to be nearly constant at 1.14z1O-3

for winds between 4 and 10 s/s and to increase almost linearly

to about 2.18xI0-3 at 26 i/s. No variation with either fetch



(greater than 10 kn) or stability is observed. Dissipation

estimates of the sensible heat flux from a wide range of

conditions are presented. The neutral transfer coefficient,

CTN, is found, on average, to' vary from about 0.69x10-3 in

stable stratification to 1.08x10'- in the unstable case. An

increase in CTI with increasing wind speed is suggested by only

some of the data.

Time series of the fluxes are used to investigate

additional sources of variation in the transfer coefficients.

Their statistical variability about a running mean is seen to be

about 10%. Evidence is presented that indicates that persistent

departures from average values are related to sea surface

condAtions. CDN is observed to be significantly smaller, on

average, during rising winds than during falling winds or after

a change in wind direction.
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CHAPTER 1 INTRODUCTION

This thesis describes an experimental program designed to

measure the turbulent exchanges between the open ocean and the

atmosphere in moderate to strong (5-50 a/s) winds. measurements

of the most important exchanges have been the subject of recent

reviews, in which they are parameterized by non-dimensional

transfer coefficients. Recent deterninaticns of the drag

coefficient, which is used to express the momentum flux in terms

of the square of the mean wind speed, have been reviewed by

Garratt, 1977. The sensible heat and moisture flaxes are

parameterized by Priehe and Schmitt, 1976, in terms of the

surface - air temperature and humidity differences, respectively

and the mean wind speed. There are several obstacles that make

open ocean measurements in high winds difficult and that have,

therefore, restricted the majority to low winds and to near or

onshore platforms. The most common methods of obtaining the

fluxes, the Reynolds flux (or eddy correlation) and profile,

work best on stable platforms with minimal flow distortion, but

these conditions are not easy to satisfy during storms at sea.

Adverse conditions accompanying high winds, cause towers to

collapse and many sensors either to fail ccmaletely or to lose

their calibration.

The air-sea energy exchanges are involved in a number of

important processes, including the large scale circulations of

the ocean and atmosphere and, at smaller scales, thersocline

development and wave generation. By extending the existing data

set to the open ocean and to higher wind speeds, this
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experimental program should be relevant to the study of these

processes.

Modelling and predicting large scale features require the

fluxes, which are too difficult and costly to measure directly

on this scale, to be calculated from easily measured quantities

through paraeterizations based on relatively few direct

observations. For this purpose, extension of the measured

transfer coefficients to 20 n/s ought to suffice, because higher

winds rarely contribute very much to the fluxes averaged over a

month or more (Fissel j j., 1977). A further extension to

about 25 s/s should clearly reveal any wind s;eed dependencies

of the coefficients. . At present there is an opinion that, in

view of the scatter, a constant drag coefficient up to about a

14 n/s wind speed is appropriate (Stewart, 1974), while Smith

and Banke, 1975, and others find a significant increase with

wind speed. The average stress computed from either type of

drag coefficient formulation should be nearly the same, because

the trend is, at most, small, but the curl of the wind stress

could be affected to a greater degree. The large amount of

scatter, typical of turbulence measurements, suggests, that in

order to arrive at a representative picture of the open sea, a

great deal of data from all possible conditions are required.

With a large data set it would be possible to examine the

effects of stability, the wave field and other sources of

variability in the transfer coefficients apart 'from the real

statistical scatter and systematic instrumentation errcrs.

/I
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Continuous records over a long period of time should

include a variety of local and short-lived phenomena, such as

frontal passages, for which a large scale parameterization may

not be applicable. In some cases it may be possible to find

appropriate transfer coefficients and in others direct stress.

estimates may be the simpler approach. The capability to

operate in winds above 4O i/s should allow the entire time

histories (winds, temperatures and fluxes) of most storms to be

followed. Such time series should be useful for the

investigation of many small scale processes.

A modified Gill propeller-vane anemometer proved to be a

very suitable velocity sensor for this study. The momentum flux

and drag coefficient were successfully measured in 26 m/s winds.

Temperature and humidity sensors were housed in protective

enclosures. The microbead theraistors were often broken by

spray and contaminated by salt, however they did survive some

high winds and heat transfer coefficients corresponding to large

fluxes were obtained. No useful humidity data were ever

recorded, because of the failure of several types of sensors.

For open sea work a ship is the most convenient platform and its

motion and flow distortion can be tolerated by the dissipation

method of measuring fluxes (Pond and Large, 1978). This method

was first tested on a stable offshore platform where its results

compared favourably to the Reynolds flux method. It was then

employed on a ship, allowing open sea data to be collected. In

order to gather as much data as possible, the instrumentation

was designed to record continuously for a month or more, while

operating remotely.

I i i
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CHAPTER 2 ZLZING TRZ__X AND ZIIZENTAL RESULTS

2.1 Air-Sea Interaction

Exchanges between the atmosphere and ocean are most easily

measured in the atmospheric surface layer where the transfer

processes are dominated by turbulence. Viscous and diffusive

molecular transfers are negligible in this layer, which begins a

few centimeters above the surface and extends up to a level

where the earth's rotation and the geostrophic pressure gradient

become important. Detailed treatments of the turbulent flow in

the layer may be found in Lumley and Panofsky, 1964, aonin and

Yaglom, 1965 and 1967, and Kraus, 1972. This chapter and Busch,

1977, are specifically concerned with the theory related to

turbulent flux measurements and their interpretation. Here the

sensible heat flux and the momentum flux are treated explicitly

and the theory is also extended to any passive atmospheric

scalar quantity, R. Following Reynolds' convention, the

turbulent properties are partitioned into a mean ( < > denotes a

time average) and a fluctuation (lower case symbols) . The

components of the instantaneous wind vector, V = Ui+VJ+Vk, where

21, , and I are unit vectors of an x-y-z coordinate sjstem,

become U=<U>+u, V=<V>vv and i=<i>vv. The usual orientation of

the axes puts k vertically up and i along the mean horizontal

wind vector such that the mean cross-stream and vertical

components, <V> and <V>, are both zero (Burling and Stewart,

1967). Similarly any scalar field R becomes <R>+r (and the air

temperature T=<T>+t and the air pressure Pu<P> p). By

definition <u>, <v>, <w>, <t> and <r> are all zero.

i .4
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It is the fluctuating vertical velocity which bodily

transports fluid properties up and down, giving rise to the

Reynolds fluxes defined by:

domentum flux T a_ <uw>

Sensible heat flux as a Cp <wt> (2.1)

any scalar flux Hr - <vr>

where e is the mean air density and Cp is the specific heat at

constant pressure. Since, <W>-<w>-O, the fluctuating quantities

in 2.1 can be replaced by their instantaneous values U, T and R.

In this coordinate system <vw> should tend to zero with a long

enough averaging period, so T represents the total momentum

flux. Since it gives rise to a force in the direction of the

mean wind on a unit area of underlying surface, r is also

referred to as the Reynolds stress. Hs is a turbulent heat

transfer (positive up). The moisture flux, also an important

air-sea exchange, is expressed by simply substituting absolute

humidity for R. Similarly gas fluxes such as carbon dioxide may

also be considered. Often the terms momentum flux and sensible

heat flux refer to the kinematic fluxes <uw> and <it>.

The Reynolds fluxes arise in the equation of motion and in

scalar conservation equations where their surface values become

important boundary conditions for both the atmosphere and ocean.

In the equation for <U> in the boundary layer, the Coriolis

force due to the cross-stream component, V, is, on average,

zero. The equations for the mean flow and mean temperature in

the surface layer, assuming horizontally homogenous turbulence
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(Busch, pp 74 and 75), but retaining terms with the largest mean

horizontal gradients, are:

+ <U> a<T> + a(&! 0. (2.2)

where RT is the vertical heat transfer due to radiation. With

negligible horizontal pressure, horizontal temperature and

vertical radiative flux gradients and a steady mean state, the

turbulent fluxes are constant throughout the layer. It is then

possible to measure the surface fluxes above wave influences at

a convenient height, Z. However, away from the surface,

rotation and the large scale horizontal gradients eventually

become influential.

In steady flow, the measured stress, -(Z), is less than the

surface stress, Co. If the difference at a height, hc, is 10%

(Lumley and Panofsky, 1964, arbitrarily use 20%), then the flow

below can be regarded as being a "constant flux" or "constant

stress" layer. Effectively, hc is taken to be the upper limit

of the atmospheric surface layer. In aid-latitudes winds above

the surface layer are governed by the geostrophic balance,

f Ug 1/e a<P>/ an

where f is the Coriolis parameter (about lx10-4 s-1), Ug is the

geostrophic wind and n is a horizontal coordinate perpendicular

to the Ug direction. Observations have shown Ug to be about

1L
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1.3 <U> and about 160 to the right of the i direction (Deacon,

1973). Substituting, a<P>/ ax 2f sin 160 a<P>/ an, into the

first of 2.2 yields,

as> a.+ 1.3 f <U> sin 160

In steady flow a 10% reduction is found when

0.1 ' -. -X 1.3 1 <U> sin 160 Z,
Coo/e

so hc 0 p.1 <uw> ff 2790 seconds <uw>. (2.3)
1.3 f <U> sin 160 <O>

leasurements over the sea at 10n have almost aiLways shown

<uv>/<U> to average more than 10-3 <U> (drag coefficient >

lZ1O-, Garratt, 1977), setting 14m as a lower limit of hc, when

<U>-5 M/s. In unsteady flow, a<U>/ at can easily be the same

order of magnitude as (1.3 f <U> sin 160) Of 0.13 <U> /ho ur. On

the rising wind the acceleration is down the pressure gradient

and hc rises, because a smaller stress gradient is sufficient to

balance 2.2. On the falling wind the loss of flux with height

is enhanced by the deceleration and in this situtaion hc say be

considerably lower. These arguments are possibly good to a

factor of 2 despite the neglect of horizontal advection terms,

relative to a<Q>/ax. They serve to point out that, with the

same surface stress, the measured 10s stress may be greater on

the rising wind than during falLing winds, when it could be less

than the surface stress by 5 to 10%.

1..e

3L.

nea
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The height to which the sensible heat flux remains within

10% of its surface value is not obvious and it may sometimes be

below usual measurement heights. Since a<T>/ax is not simply

related to the large scale pressure gradient, it is not possible

to scale the vertical divergence of Hs to a Coriolis term as was

done for the Reynolds stress. Neglecting radiation, a 10%

change in Hs is found at a height hc given by

hc = 0.1 <wt> (6T/&t)-' ,

where 6T is the change in temperature due to the vertical heat

flux divergence, during a tine interval 6t. measurements over

the sea show that <wt> is of order 10-3 <U> AT (Priehe and

Schmitt, 1976), where AT is the temperature difference between

the sea surface and atmosphere. To keep hc above 10n, with

<U> AT as low as 10 ocm/s requires

6T/ 6t < 0.36 OC/hour,

which may not necessarily be satisfied. When a<T>/at over the

sea is large, presumably horizontal advection is the major

contributor with 6T/ 6t hopefully remaining small. When the

temperature is steady <U> a<T>/ax must balance aHs/cz in 2. 2,

giving

hc - 10-4 AT a .<T>/ax )-t

and implying that hc is only above 10m when the horizontal

I' ___
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temperature gradient is rather small, less than 0.01 oC/km for a

4T of IOC. I further complication arises during lo winds when

infrared absorption by water vapour may produce a radiative flux

divergence that tends to cause Hs to increase with height

(Busch, 1977). This effect enhances the positive flux gradient

when AT is negative, but reduces the loss of sensible heat flux

with height when AT is positive. It will be assumed that Ss

anywhere in the "constant stress" layer over a temperate sea is

equivalent to the surface flux to within the accuracy of the

measurement. Hopefully, this assumption is true on average, but

verification would require a direct measurement of Es at two

levels.

2.2 Bonin-Obukhov Similarity Theory

The understanding of the turbulent atmospheric surface

layer is largely due to Bonin-Obukhov similarity theory (Bonin

and Yaglom, p 425 ff). The theory assumes that turbulent

characteristics depend only on a few physical Farameters, which

facilitates the application of dimensional analysis. kbove the

direct influence of the bottom boundary the important parameters

are the height (the only spatial variable left in the assumed

horizontally homogenous turbulence), the air density, the

turbulent transports and the stability of the air column. The

supposed height independence of the fluxes naturally leads to

the following scales which incorporate the transports through

the layer and the density:

..... ........................ ' ........ ....................... .................. '|1[ ................ |
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friction velocity u* = (To/e) 2/2 u I-<uW> 2/

temperature scale t* = -<vt>/ )Cu* (2.41)

scalar scale r* = -<vr>/ )u* ,

where von Karman's constant, K, is included to simplify later

equations, but other scales

T* = -<wt> / u*

and R* = -<wr> / u*

are sometimes used. An appropriate stability Farameter, Z/L, is

obtained from the ratio of the convective or buoyant turbulent

kinetic energy, B, produced in a non-neutral air column, to the

purely mechanical production in the equivalent neutral case, Po.

It will be seen in section 2.5, that

B = g <w Tv> / To and Po = u*3/KZ , (2.5)

where Tv, the virtual temperature in degrees Kelvin, accounts

for the fluctuating temperature and moisture contributions to

the fluctuating density, g is gravitational acceleration and To

is the local average virtual temperature. The important scale

is the Nonin-Obukhov length, L, whose magnitude gives the height

at which Po z IBI, thus

-= B s and L -- *S To . I
L P Kg <v Tv> (2.6)

In neutral stratification <w Tv> and Z/L go to zero while L 1'
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approaches infinity and the sign is chosen to make L and Z/L

positive in stable conditions. Dimensional analysis predicts

that all turbulent functions non-disensionalized by Z, ua*, r*

and L should be functions of the only possible dinensicnless

group, Z/L. Note that each additional scalar adds both a scale

and a dimension to the problem. Use of spectra introduces a

frequency, f, making a further dimensionless group, fZ/u*,

possible, but because of the difficulty in obtaining u* the

dimensionless natural frequency n - fZ/<U> is usually

substituted. Normalized spectra and cospectra can be regarded

as non-dimensional turbulent functions and therefore should be

functions of both n. and Z/L, whereas their integrals such as

(aM) 2 a <u2> and (t) 2 = <t2> should depend only on Z/L. with

the important parameters common to all surface layer flows, the

structure of the turbulence, according to this -theory, must

always be "similar", vith any dependencies cn Z/L and n being

universally applicable.

An important consequence of similarity theory is the

logarithmic profile of the mean wind and mean scalars.

Dimensional considerations lead directly to the forms:

&L. - iz1.

and J_ 1.t a fr(Z/L) 
(2.7)

r* Zz

where von Karmants constant sets Oi-i at neutral stability and

has already been included in the definition of r* so that

Or(O)-l. Reasured values of X vary between about 0.35 and 0.42
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(Busch, 1977), so at least a 5% error in its customary value of

0.40 must be allowed. In a review of flux-profile

relationships, Dyer, 1974, suggests that the best forms of the

universal functions are

0 < z/L < 0.2: #a = #r =I 5 Z/L

-1.0 < Z/L < 0 : #s = (1 - 16 Z/L)-/4

#r = (1- 16 Z/.)-1/2

where the unstable case is the Businger-Dyer representation

provided by Dyer and Hicks, 1970. The mean values at a height

Z, UZ and RZ, are found by integrating 2.7, (Paulson, 1970),

UZ = (u*/K) * [ln(Z/Zo) - Yi(Z/L) J

RZ = RSFC + r* [ln(Z/Zor) -Yt(Z/L) J, (2.8)

where dFZ/L) = Jt1 - *1 1 ] / d'

stable: Yi(Z/L) ='Y(Z/) =-5 Z/L

unstable:m (Z/L) 2 ln[ (1+1)/2] + ln[ (1+X2 ) /2 )

- 2 tan- 1! + 7T/2

'Kr (Z/L) 2 ln[(1+X2)/2]

I

with = ( 1 - 16 Z/L)2J.

At neutral stability the integral vanishes, leaving YIO),0.

The constants of integration Zo and Zor, assumed to be much

I~i
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smaller than Z, are the roughness lengths, which fully describe

the surface as "seen" by the turbulence, but they are not simply

related to sea surface parameters such as wave height and

tem;erature. They need to be included in the dimensional

analysis only near the surface where they set the magnitude, but

not the structure, of the turbulence throughout the layer.

2.3 Bulk aerodynamic Parameterizations

The fluxes are parameterized in terms of the mean wind, the

sea surface-air temperature difference and. surface-air mean

scalar difference, AR, with the bulk aerodynamic formulae:

= u*e - -<uv> a- CD <U>2

Hs/eCp - -g u* t* - <vt> = CT <U> A (2.9)

Hr - K u* r* - <vr> CR <U> AR,

with AT-TSCY-TZ and AR-RSIC-RZ, where TSYC and RSPC are the mean

surface temperature and scalar values, respectively. The

non-dimensional transfer coefficients CD and CT are the drag

coefficient and Stanton number while the corresponding

coefficient of noistare transport, CE, is the Dalton number.

Their dependence on stability, roughness and height is evident

from 2.8, but Zo over the sea has a complicated functional form

(Burling and Stewart, 1967). Bowever, they can also be

determined ezperimentally fro 2.9 using measured flaxes and

bulk quantities and such calculated coefficients provide a

. . ' , ,, -

... . ., .... . -. , : .' '; .. .. :. , - --.--
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convenient means of comparing flux measurements. To eliminate

the variation with height they are commonly evaluated at 10 as:

CIO = -<uw> / (UIO)'

CT10 = <wt> / [U1O (TSFC-T1O) ] (2.10)

CR10 = <wr> / tU10 (RSFC-R10) ]

Equation 2.8 shows the wind speed, temperature and scalar means

at 10m (U10, T1O and RIO) to be:

U10 = UZ -(u*/ K)[ln(Z/10m) - Yi(Z/L) *'Km(10m/L) ]

T10 = TZ - t* [ln(Z/1Om) - 1K(Z/L) +t(1O/L)] (2.11)

RIO = RZ - r* [ln(Z/10m) -- Yr(Z/L) Yr(10m/L)]

For comparative purposes it is convenient to eliminate the

stability dependence by evaluating the roughness lengths from

2.8 and using them to find the coefficients in the equivalent

neutral case at 10n from:

CDN = K2 / [1n(1Om/Zo) ]2

CTN = X2 / [ln(l0a/Zot) * ln(1O/Zo)] (2.12)

CeB = K2 / [In (10m/Zor) * ln(lOm/Zo) ] .

The neutral coefficients should be constants over

homogeneous terrain where the roughness lengths can be regarded

as constant. This prediction has been verified over land where

Zo, for example, is exclusively determined by topography and

vegetation. It is not unreasonable to expect this concept to

* -
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work even better over the sea where there is only one type of

surface. However, direct measurements, reviewed by Garratt

(1977) are very scattered and indicate that the neutral drag

coefficient varies with wind speed and is much smller than that

found over land. This result implies that there are additional

important parameters determining the roughness of the sea

surface. An obvious difference between a land and sea boundary

is surface gravity waves, so it seems appropriate to add the

acceleration due to gravity, g, to the problem. This leads to

the Charnock (1955) dimensionless group for flow near the waves,

Zo g/u*Z =ae (2.13)

where c=0.0144 is suggested by Garratt (1977). Stewart, 197,

notes that for winds below 10 i/s the Charnock representation

with -r constant predicts a more rapid increase in CDN with wind

speed than is indicated by the results of Brocks and

Krfiggerueyer (1970) and this feature is also present in

Garratt ° s review. It appears, therefore, that more surface

parameters may be important to this aspect of turbulent flow.

Stewart discusses the possible roles of surface tension

(capillary waves), the length and phase speed of the longest

excited waves, the wave slope and the total wind generation

force which is proportional to (wind speed - wave speed).

Kitaigorodskii and Zaslavskii, 1974, consider the phase speed of

the dominant wave and a purely viscous momentum flux. Burling

and Stewart, 1967, examine the implications of dependency on

various moments of the wave spectrum. Hith the roughness
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lengths possibly depending on many parameters it appears that a

rather detailed knowledge of the sea surface would be required

before the turbulent fluxes over the sea could be found from Zo

and Zor.

The parameterizations can also be regarded as empirical

formulae. An experimental formulation of the neutral

coefficients at 10i, 2.12, for example, would allow the fluxes

to be estimated from mean or bulk quantities, UZ, TZ and TSFC

(iT = TSFC-TZ), with Z/L, if known, providing a stability

correction.

The momentum flux can be found from 2.9 by finding the drag

coefficient at the measurement height, Z, the wind speed, UZ,

and the stability, Z/L, from CDR. Elimination of Zo from 2.12

and 2.8 and substitution into 2.9 leaves,

CD = CD [(I+ CDN42 K-i (ln(Z/10m)-Yi(Z/L)))-2, (2.14)

where ln(Z/10u) andYm(Z/L) describe the variation of the drag

coefficient with height and stability, respectively. If CDR is

given as a function of the 10a wind, then UZ must first be

shifted to 10m before a drag coefficient can be determined.

Substituting u*/UZ = CDV2 = c10/2 U1O/UZ, into 2.11 and solving

for UZ/U1O leaves,

UZ/U1O = J+ CIO2 K-, [ln(Z/0M)-'"(Z/l)+1((Om/L)].

The term in square brackets, K(Z,Z/L), is usually dominated by

, I
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la (Z/lOR), which, with C1042/K < 0.1, makes 010 about 10%

larger or smaller than UZ for a Z of 3.7m and 27m, respectively.

Throughout this height range neglect of the stability portion of

K(ZZ/L) introduces an error in UIO of less than 2% for -1.0

<Z/L< 0.08, however at Z=27a it decreases 10 by about an

additional 6% with Z/L-0.2 and 3% at Z/L-0.1, so it is not

ignored. CIO is equivalent to CD at Z-10, so 2.14 gives

C1OI/ = CDUI/2 (1 - X-I CDN*I Y(lOm/L))-I' I
Since Yam(lO/L) ranges from about 1 at Z/L= -1 to about -1 at

Z/L-0.2, taking the term in curly brackets to be 1.0 introduces

an error of only 1% in UIO, which is within usual measurement

error, when it is calculated from UZ, CDI and Z/L using

0910 w DZ ( 1 + CD1U1 X-I K(Z,Z/L)J-. (2.15)

Should CDV itself depend on 010, 2.15 may have to be solved with

an iterative technique.

If the stability is in the range -1.0 <Z/L< 0.2, but is

unknown and assumed to be neutral, errors arise from an

inaccurate UIO, in finding CDI from UIO and through 2.14,

because CDN is not shifted to the proper stability. The total

error in 010#s found from 2.15 should be less than 10%. Smith

and Banke, 1975, report a drag coefficient equal to 0.00061 +

0.000075 010, so a 10% error in 010 at 20 m/n, reduces to 7% in

CDN and the momentum flux, which is less than the error

associated with direct measurements. With '"(Z/t) ranging from

t"

.. .. ... . .. . ...2II2.. I l ll. .. .. . . . ." " .. . . '. . . . . .. . . . . . . . . . . l -
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1.0 to -1.0, taking it to be zero could lead to a 20% error in

the momentum flux. Only in the range -0.25 <Z/L< 0.1 does the

total error in assuming neutral stability remain less than 10%.

If CD and CDN are available, the analogous procedure can be

followed to find the sensible heat flux from TZ, TSFC, and UZ,

using 2.9. The Stanton number, CT, is expressed as a function

of CTN, CDR, CD, and 2/1, by eliminating Zo and Zot from 2.12

and 2.8, then substituting into 2.9:

CT = CTN - (CD/CDN) 3 _2

[1ICTN K-I CDN- /2 (ln (Z/lO)-Y W(Z/L))] (2.16)

The major error comes from the uncertainty in CTN. The errors

in CDR and CD due to U1O cancel in (CD/CDN) and a 10% errcr in

CDR and CTN introduces a 2% error. in the denominator. Since

'*v(Z/L) is not very different from m(Z/L), assuming neutral

stability ca.uses about the same error in CT as in CD. However,

this assumption is never needed, because a means of estimating

Z/L from UZ and AT, which are required in 2.9, is developed in

section 2.6. The uncertainty of this estimate (section 4.2)

should result in about a 5% error in CT and CD.

The sensible heat flux is sometimes parameterized as

<wt> = a U10 (TSFC-T10 . b ,

where a and b are experimentally determined functions of

stability and wind speed. The air temperature at 10m, TI0, can

be found as follows; from 2.11

,& if

.. . . .. . ..... I. . . . . . . -. .. . .r. . .. . + 1 1ll~lllII . .. + .. . . .- : ++. . . . . . . . .k r i
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TZ - TO I t* [ln(Z/IO)-Yt(Z/L) + 'Pt (1Oa/L)]

where the ter in square brackets, to be denoted as Kt(ZZ/L),

behaves as K(Z,Z/L) and the stability contribution can again be

ignored in near neutral conditions. Substituting for t* using

2.9 gives

TIO - TZ + (CT/CD4I) -1 (TSPC-TZ) Kt (Z,Z/L) . (2.17)

2.4 The Reynolds Flux Method

The Reynolds flux or eddy correlation method is the most

direct measurement of the fluxes and has been employed over the

sea by Pond 2 &1., 1971, Hicks, 1972, Smith and Banks, 1975,

and others. It involves integrating the cospectra of v and

either u or r to obtain the covariances and hence fluxes. The

spectral forms of the covariances are:

(uw> a f~uw(f) df

<it> J r_ wt(f) df (2.18)

<wr> a fIwr(f) df.

In practice the cospectra are determined by digital fast Pourier

transform techniques, which give discrete values of *(f) at

intervals of f such that #(f) Af gives the covariance in a band

centered at f of width Af. The highest frequency computed, the

Nyquist frequency, fny, is set by the digitization period at:
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(fny=1/2A). Contributions from higher frequencies can be

allowed to alias back below fny so that the effective upper

limit of the integration is increased ( to about 2 fny in the

system described in section 3.3). The contributions to the

covariances from natural frequencies, n=fZ/<U>, greater than 1

are only a few per cent of the total. With 20 a/s winds,

measurements at 10 a will therefore include most of the high

frequency contributions if At is no longer than Z/<U>, about 0.5

seconds. The lowest calculated frequency, fl, is the reciprocal

of the duration of the measurement and f(fl) includes the

covariance down to fl /2. Some cospectra are still non-zero at

n=0.001, so in order to be able to measure fluxes in 5 n/s winds

at 10 a the samples must be taken for about Z/(0.002<U>) 1 1000

seconds or about 15 minutes. However f(fl) is not a

statistically well determined quantity and in practice at least

3 sequential determinations need to be averaged, requiring the

duration of a flux run to be at least 45 minutes.

Unfortunately, measurements cannot be extended to more than

about I hour because stationarity begins to be lost as a new

flow situation develops. The low frequency contributions to the

fluxes are often not well established by the Reynolds flux

method. It is also clear that another disadvantage to this

method is the large amount of data required. For example, a

single <uw> estimate from a 45 minute run with At-0.5 seconds

requires about five thousand digitizations of each variable. Of

course the spectra of the measured quantities may also be found

from the sane data and are often a great advantage in checking

sensor performance. The sensitivity of the Reynolds flux method

i4'
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to instrument orientation is a great handicap on ships and

buoys, whose motion and mean tilt effect the measured

covariances. I one degree error in the tean tilt of an

anemometer may induce errors in <uw> in the order of 10% (Pond,

1968). It is possible to measure the instantaneous platform

motion and to correct the velocities point by point (Eitsuta and

Fujitani, 1974), but this greatly increases the recording

requjlrements and is not a very practical means of obtaining

large amounts of open sea flux measurements.

The Reynolds flux method is not very applicable to remote

open sea operation, but it has become the standard to which

other methods are compared either directly or through the

calculated transfer coefficients.

2.5 The Dissipation method

Followinq Deaconis, 1959, suggestion the dissipation method

has been employed in open sea conditions by Pond 91 Al., 1971,

iucknitz, 1976, Denman and Kiyake, 1973, and others. It is a

very attractive method because it does not involve an explicit

measurement of the vertical velocity, allowing moving platforms

to be used and reducing measurement errors. In addition, flow

distortions that would hinder covariance measurements, can be

tolerated. Instead, the major sources of error arise in the

uncertainty of various constants and in the necessary

assumptions. In the cited studies its results have been

fv(
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compared to direct Reynolds flux measurements up to moderate

winds, but further comparison at high wind speeds is still

necessary.

In the case of the momentum flux the method stems from a

consideration of the balance of turbulent kinetic energy per

unit mass, e = (u+ v? + wz)/2, in horizontally homogeneous

flow (Busch, 1977),

e> a= u*2 )<U> + g S_.v> - E - a [<we> +1 <vp>]
azTo z

P + B - D, (2.19)

where Tv is the virtual temperature in degrees Kelvin and To its

local average and p is the fluctuating pressure. Turbulent

fluctuations are chiefly produced by mechanical interactions of

the Reynolds stress with the mean flow represented by the first

term, p=u*2 a<U>/aZ and lost at small scales to molecular

dissipation, E. From Lumley and Panofsky, 1964 p95, B is

recognizable as the loss or gain due to buoyancy referred to in

section 2.2. D is the sum of two vertical divergences: the

first, of the turbulent kinetic energy flux <we> and the second,

of the work done per unit area by the fluctuating pressure,

<wp>/e. These are referred to as the turbulent and pressure

transports of kinetic energy, respectively. The complete

divergence term has been investigated by McBean and Elliot,

1975. In this work <we> and <wp> were measured over land at one

height for a range of Z/L values. A fit between -0.31 <Z/L<

0.12 gaveii.
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<Wp> / Ue u*3) - 2.3 Z/L - 0.20

Their <we> results were plotted with those of Garratt, 1972, and

Banke and Smith, 1973. In view of the scatter it is not

unreasonable to assume a relation

<We> / u*3 9 -2.3 Z/L + constant.

Extensive measurements over land of the turbulent transport term

have been made by Wyngaard and Cotg, 1971, over a wider range of

stabilities. In unstable conditions their results can be

.expressed as

<we> / u*3 - -2.5 Z/L + constant.

The combined experimental evidence in the range -1 <Z/L< 0.1

suggests that to a very good approximation

<we> + <wp>/e i a constant

Differentiation by z implies that on average, the kinetic energy

gained through pressure transport nearly balances that lost by

turbulent transport, that is, D=O. Nyngaard and Cot6 also

conclude that the effects of horizontal inhonogeneities and

non-stationarity are negligible by more than two orders of

magnitude, that is, a<e>/Ct a 0.
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Combining 2.6 and the profile equations, 2.7, with the

remaining terms in 2.19 results in the simple set of eguaticns:

P = (u* 3 / XZ) #a (Z/L) = Po *u (Z/L)

B = -(u* 3 / XZ) Z/L = -Po Z/L

E = PO [02(Z/L) - Z/L]

where Po, introduced in section 2.2, is the mechanical

production in the equivalent neutral case. Thus u* can be

simply expressed as a function of E and Z/L:

u* 3 = K Z E / [#m(Z/L) - Z/L] . (2.20)

In a similar fashion the problem of evaluating r* and the

scalar fluxes can be simplified to finding u* and the

dissipation rate of scalar fluctuations, Nr. The analogue of

2.19 is the simpler scalar variance budget, (Busch, 1977),

I __rz> = -<ur> a<R> - Nr - 1 a<wr>
2at 2 " (2.21)

The study of Wyngaard and Cot6 (1971) investigates this equation

thoroughly for temperature. The vertical divergence tern turns

out to be an order of magnitude smaller than the production term

and the time rate of change and inhomogeneities are again

negligible. Substituting for a<l>/az from 2.7 gives the

straightforward relationship

,1. 
- .I _
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N Jr Z / [X u* #r(Z/L)] . (2.22)

Direct measurements of E and Ir are difficult because they

involve centimeter scales (frequencies well beyond 100 Hz).

However, they can be inferred from the spectra of the scalars,

*r(f), and downstream velocity, *u(f), at frequencies, f, in the

-5/3 region where the Kolmogoroff hypothesis predicts

*1u(f) = K' e2ft (27r/<9>)-2i0 f-s/3

#r (f) = Br' Jr E-43  (27T/<U>)-zM f-* , (2.23)

where Taylor's hypothesis is used to replace the downstream

radian wavenumber with (27 f/<U>). The form of these equations

is also based on dimensional analysis so the 1-dimensional

Kolnogoroff constants K' and Br' may be functions of stability,

but they are not, as yet, well enough established for any

dependency to be observable. Reasonable values are K' = 0.55

and Br' = 0.80 for both temperature and moisture (Paquin and

Pond, 1971 and Busch, 1977), with a possible 10% error. In

terms of the natural frequency, nufZ/<U>, the -5/3 region has

been found to be well developed by n-1 so that dissipation

estimates may be obtained from relatively low frequencies (about

2 1z, for 20 a/s winds at 10a height).

Several methods of calculating the momentum flux from

measurements of E and Z/L are feasible. The simplest, method 1,

used by Denman and Riyake, 1973, is to employ the neutral form

of 2.20
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<uv>DISSI (K ze )X Z . (2.24)

This equation is also valid in non-neutral conditions providing

there is an overall balance between the vertical divergences,

the buoyant production and the stability modification of the

mechanical production. The experimental evidence over land

suggests that the complete form of 2.20 should be tested over

the sea. Method 2, therefore, assumes only that the vertical

divergences balance and uses

<uw>DISS2 K Z E ) /f • (2 m (Z/L) - Z/L) - (2.25)

This is the method used by Khalsa and Businger, 1978, and by

Wucknitz, 1976, but the latter uses a Richardson number

formulation and the former assume a balance, following Wyngaard

and Cote, of buoyancy and turbulent transport with a pressure

transport of order -Z/L to arrive at 2.25. It has often been

assumed that local production, P, balances dissipation (Smith

and Banke, 1975), implying an overall balance between the two

divergences and buoyancy. This is the assumption of method 3,

which states

<uw>DISS3 = ( K Z e ) 43 [Em(Z/L) ]-73 . (2.26)

Pond et al., 1971, found that in unstable conditions the

momentum flux from the dissipation and Reynolds flux methods

were in the best agreement if they assumed that the reduction in

mechanical production due to stability modification of the

.Ig
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profile was compensated by the net gain in turbulent energy from

vertical divergences, that is, E = Po + B. This fourth method

is expressed by

<uw>DISS4 - (K Z 6 )'# * (1 - Z/L)-213. (2.27)

The general expression of the four dissipation methods is

<u>DISS = ( Z )2 ) * r!

Method 1 P1 = 1

Method 2 P2 = [ #a (Z/L) - Z/L -2/ (2. 28)

Method 3 P3 = [#m(Z/L) ]-2

Method 4 F4 = [1 - Z/L]'1.

The functions, FX, are plotted in figure 1 over the range of

stabilities likely to be encountered over the sea at

mid-latitudes. It is apparent that -a reasonable measure of

stability is important to all but method 1. -Any one of the

methods say be valid over an individual run, but over any

stability range there should be one dissipation method that is

the most appropriate, on average.

Equations 2.23 and 2.28 indicate that <uw> from all the

dissipation methods is proportional to

[ X ZJ* K,-1 (#u(f) <u>-*). (2.29)

Even with no error in the measurement of fu(f) and <U>, the

uncertainties in , 5S, in the measurement height Z, say O.S in

____- -
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IGURE I Stability adjustments to the four dissipation
metodsofestimating the momentum flux.
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1O and in K1, 10%, could combine to produce a 15% error in

<uw>. These errors and assumption errors are likely to be

somewhat systematic, but fortunately they are not the same in

the Reynolds flux method. Intercomparisons with Reynolds flux

measurements are therefore essential, in order to establish the

"best" dissipation method and to ensure that there are no major

systematic erors.

There are fewer ways of "Juggling" the terms of 2.21 to

arrive at Vt, and only two methods of calculating the sensible

heat flux are practical. At neutral stability and when the

vertical divergence tern is balanced by stability modification

of the temperature profile, method 1, gives

<wt>DZSSI = X K u* it ZjV/ . (2.30)

Again the experimental evidence over land suggests using 2.22

from which method 2 assumes

<et>DISS2 = X K u* it Z]1 * (ft(Z/L) ]-4. (2.31)

The general form of calculating the sensible heat flux is simply

<vt>DISS - 1 K u* It Z]3 * FX

ethod 1 71 - 1.0 (2.32)

ethod 2 P2 - tft(Z/L) -'.

11 and P2 are shown in figure 2. The methods differ

considerably even near neutral stability, therefore, the "best"

4kj
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FIGoBE 2 tability adjustments of the two dissipation

methods of estimating the sensible heat flux.
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method should be easy to establish, depending on the accuracy of

the stability measurements, since method 2 is sensitive to

errors in Z/L.

Equations 2.32, 2.23 and 2.20 indicate that <Vt> from both

dissipation methods is proportional to

c ) zb [*t #u]%/2 <U>-i . (2.33)
(Bt' K' ]I

Again uncertainty in 9, Z and the Kolmogoroff constants together

could produce a 15% error in <vt>DISS. However, it should be

possible to substantially reduce systematic errors through

Reynolds flux intercomparisons.

2.6 Estimating The Stability Parameter Z/L

in section 2. 2, the stability of the air column is

characterized by a stability parameter, Z/L, which plays a

fundamental role in the theory and measurement of turbulence.

Unfortunately, it is difficult to obtain with 2.6, so three

means of estimating it from incomplete data will now be

investigated. The complete expression from 2.6 is,

- -Lag j .

L u*3  To

Tv and To, the instantaneous and local average virtual

temperatures, are defined as the temperatures required to give
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dry air the same density as actual moist air at the same

pressure. Lumley and Panofsky, 1964, show that;

Tv - T (1 + 0.61 a),

where Tv and the air temperature, T, are in degrees Kelvin and m

is specific humidity. Lumley and Panofsky (p 96) also

approximate the virtual temperature flux by

<w Tv> V <vt> + 0.61 TZ <wm> 9

where TZ is the mean air temperature at the height Z. The

conversion to absolute humidity, Q, in g/m3, is accomplished

with (Phelps, 1971),

Q 1298 (273 0K / To) m

so Tv T [1 + To Q 1.72 x 10-]o

Over temperate seas at Z more than about 10a there is not a

large temperature gradient and the virtual and air temperatures

differ by less than 2%, making

To = <Tv> - TZ + TZ2  QZ 1.72 x 10-6

X Z... g <.2 [ (1+ To2 1.72xlo-' .y._]
L u*3  To <Vt> (2.34)

reasonable approximations.
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Over temperate seas the moisture content of the atmosphere

and the ataospheric pressure, affect the air density by about 1%

and 5% respectively. For dynamic flux calculations, it is

enough to only include the atmospheric pressure, PA in kPa, by

calculating the density from

e 1.29 (273/TZ) (Pk/101). (2.35)

Very often the absolute humidity and soistuxe flux, <vQ>,

are unknown and Z/L must be approximated from measurements of

u*, <wt> and the mean air and surface temperatures. The ratio

of sensible heat flux to latent heat flux, the Bowen ratio, G,

can be used to give

21< ODS K 0.5341 (273/ TZ)
<Vt> L G G

in g/m3/°C, where the pressure and moisture effects on the

density have been neglected. Phelps and Pond, 1971, report a

value of 0.24 for G from their San Diego results. Substituting

into 2.34 gives

ZL -. Zg . [jj + .ool o],
L u*3 To

which shows that the moisture flux may contribute about

one-third as much to the stability as does the sensible heat

flux.

.1I
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An s _itu Bowen ratio can be estimated from the bulk

aerodynamic parameterizations, section 2.3, viz:

G = o <wt> aeG m> CT &.
L <wQ> L <U> CE Q

The Stanton number, CT, and Dalton number, CE, have sometimes

been found to be nearly equivalent (Pond It "., 1971), but

Francey and Garratt, 1978, find CT to be 30% lower than CE.

Because the humidity is not the major contributor to Z/L and

because of the large error in ZQ, CE and CT will be assumed

equal. The saturation humidity as a function of temperature, is

given by Hertzman e% Al., 1974, as

QSAT IT) - CI exp(C2/ T)

with CI = 6.4038 x 10 and C2 = -5107.1. This expression is a

fit to a table of saturation humidities over pure water at

various temperatures so that the surface humidity over salt

water, QSFC, is 0.98 QSAT(TSFC). In order to reduce systematic

errors, a relative humidity of 75% will be assumed, which is in

the middle of the humidity range expected over temperate seas.

Since humidity contributes only about 30% to Z/L, this

assumption should introduce a random error in Z/L of about 20%

at worst and usually of less than 10%. The sea-air humidity

difference, AQ, and hence a Bowen ratio, can now be found from

TSFC and TZ using

G(AT) ( Cp/L) AT [0.98 QSAT(TSC) -0.75 QSAT(TZ) ]-1.

11 --
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Substituting into 2.34 estimates Z/L from u*, <wt>, TZ and TSFC:

Z(u*.<wt>) -K 9 S -0E + To 1*-4
L u*3  To G (AT) (2.36)

In cases where <wt> is also unknown, bulk parameterization

replaces it with CT UZ T. The review by Friehe and Schmitt,

1978, indicates that CT is about l10-3 in unstable

stratification and about 0.86x10-3 in stable. Therefore, a

simpler estimate of Z/L is given by

Z/L(u*,AT) - _ g CT UZ AT 1i To 2.5xl0O-].
U* 3 To G(AT)

(2.37)

Following Deardorff, 1968, the bulk formula, 2.9, replaces

u*3 with CD* 9Z so that a stability parameter Z/L(AT) can be

determined soley from the bulk parameters, UZ, TZ, and TSFC. A

portion of the Z/L expression is identified as a bulk Richardson

number

Bi(AT) Z-g L..T (1 To 2.5x10-'],
UZ2 To G (AT)

so Z/L(4T) X CT Ri(AT)
CD CDW

A reasonable average CD is 1.25 x 10-3 (Garzatt, 1977), so

Z/L (AT) M 11 i(A) (CT/ CD) (2.38)

with CT/CD - 0.70 for &T < 0
a 0.80 AT > 0

...... . .. . . . .. . ...... 
.. . . .. . .. . .

....- .. . . ... . .



is a very practical estimate of the stability paiameter. This

differs :from Deardorff's final form of 2/L - 12 Ri (AT) for

unstable conditions, as it reflects more recent determinations

of the bulk coefficients. Houever, it ought to be compared to

the more exact expression, 2.36, whenever <wt> and u* are both

available.

I1

S 
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CHAPTER 3 T INSTRUSENTATION ku Z lihII L P an

3.1 Introduction

In order to collect the desired amount of high wind speed

data a Reynolds flux system and a dissipation system have been

designed for unattended operation. Additional aspects of both

systems including error analysis, design criteria, and sensor

response requirements are given in Pond and Large, 1978, and the

detailed analysis of the velocity measurement is also in Pond

e% a1.• 1979. The essential considerations are low power

consumption and a large recording capability to keep the

servicing period long and sensors able to function in the hoped

for 30-40 a/s winds and accompanying spray. When operating in a

hostile environment for long periods of time, sensors and

electronics are likely to fail periodically, so whenever

possible the important measurements are either duplicated or

their sensors are calibrated in situ.

The results from two field operations are to be presented

in this study. The first was conducted on the Bedford tower

near Halifax Nova Scotia, which provided a stable enough

platform to allow meaningful Reynolds flux measurements to be

used to "calibrate" the. dissipation system. Intercomparisons

are also possible with the air-sea interacticn system from the

Bedford Institute of Oceanography, BIO, which was also installed

on the tower. In a preliminary experiment on Sable Island all

systems were found to be compatible when operating on the same

platform. The results of that intercomparison and of a previous

, ... __.......
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BIO experiment on the island are reported in Smith et al., 1976,

and Smith and Banke, 1975, respectively. The dissipation

measurements were extended to higher wind speeds and more open

sea conditions in a second experiment conducted from the CCGS

Quadra during its patrols at ocean weather station "PAPA".

3.2 The Sensors

The velocity measurements are based on the Gill

propeller-vane anemometer (R.N. Young Co.) , whose propellers

are carefully constructed helicoids that turn a precise number

of revolutions for each meter of passing air (Baynton, 1970).

This number was checked in a wind tunnel and found to be within

2% of the factory calibration. This accuracy is maintained from

propeller to propeller and is not affected by considerable

ablation of the leading edge. A problem does arise when the

axial wind falls below about I n/s, because the inertia and

friction begin to produce a non-linear output. Another problem

is that when the wind vector makes an angle 0 (angle of attack)

greater than about 200, to the propeller axis the apparent axial

velocity component is less than the expected cos(#) times the

magnitude of the wind, by a factor 6(0. For angles of attack

between 35 and 75 degrees, this non-cosine behavior is

approximated by ,(O)V1.103-0.27 &, for - in radians (Pond and

Large, 1978). Although these problems pose no serious

diffIculties in determining the horizontal velocity components,

they complicate the measurement of the vertical velocity. V is

I . .... _ _ _ _ _
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derived from a propeller, Gill-w, whose axis is tilted at an

angle, -<1600, to the axis of a standard, Gill-u, propeller,

which is generally tilted at a small angle 9 from the horizontal

(figure 3). At an average wind speed greater than about 4 u/s

the axial component of the tilted propeller always contains

enough of the horizontal wind to avoid its non-linear regime.

The propeller axes and instantaneous wind vector are kept in

essentially the same plane by the vane and in this way the

geometry of figure 3B is always maintained and corrections for

the non-cosine behavior are possible.

The twin propeller-vane anemometer of figure 3 is described

fully in the references cited, so only an outline of how the

velocity components are resolved follows. The defined angles of

figure 3C and the following notation conform to these previous

publications. The Gill-v (taking the non-cosine behavior at *-

into its calibration) and Gill-u signals from the Reynolds flux

system supply the velocities:

Gill-u - V- Q cos 6 + sing

and Gill- - T2 =(Q cos4< 8)+v sin (mc.S)lJ1-9,Z7(6-tan-I (w/Q))I

with 4 a - an-' (w/Q) , (3.1)

where Q and w are the horizontal and vertical velocity

components, respectively. Because 12 contains a considerable

contribution from the horizcntal wind, the low frequency

variations in the ill-u and Gill- signals track one another

very closely, providing a check that everything is working

&\

-a ~ -
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horizontal -

V1

W~z~J V2

FIGUJRE 3 A: The Gill twin propeller-vane anemometer.
8: The HAT sensor housing.
C: Definition of angles used in resolving the velocityg components and calculating the tilt angle ~
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properly. The tilt angle 6 needs to be evaluated before Q can

be removed from the Gill-v signal and v calculated. Since the

average vertical velocity must eventually go to zero, a good

estimate of 6 is that angle of rotation needed to make the

calculated <U> exactly 0, where < > denotes the averaging

period. An average 6 is measured over at least 15 minutes to

give good averages of the ratio Y = <V>/<V2> from which it is

derived. Assuming tan-l(w/Q) w/Q and <w>=O,

<Vi> = <Q> cos 6 and

<V2> = <Q> {cos({o ) C1-0.27/,(0 )
<w2> <V>-2 sin {<+S} 0.27//3(-<))

are correct to second order. The term in <W2> <Q>-2 is only

about 0.2% of the previous term, leaving

Y= [1-0.27 81/3(x)) Ccosa< - sin< tan 6 ,

which, assuming 6 V tan 6, gives a quadratic in 6. It is the

negative square root of the quadratic formula that is needed, so

6 is estimated from

6 = b - I b2+ (6(a)/0.27) (Y-coso() /sino< )42

b= 0.5 [cot *<+/(o<) /0. 27). (3.2)

This expression shows that offset errors, which enter 7, and

errors in o< and the4 relation produce apparent tilts that can

seriously affect Reynolds stress measurements. Now some

II -~ ----- ~ - ~ -.



42

straight forward algebra yields:

V2 - ! Vi - B v (I/VI) va

A - C0.27/0(eq j sin.-<,6) cos 6 (3.3)

B a cos(,w* ) 0.27/ (e) + (1-0.27 6, () sin-</cos 6,

where Q has been replaced by VI/cos & and a tern in <vI>/<Q>&

and terms of order (w/Q) 3 have been neglected. On a fixed

platform the instantaneous tilt actually depends on the wind

direction, but the use of the "average" 6 introduces very little

error (Pond and Large, 1978). The quadratic in w is solved

using the positive square root of the quadratic formula, to give

an estimate of v for each pair of recorded Gill-v and Gill-u

values in the averaging period. The instantaneous horizontal

velocity components are then found from:

Q - VI/cos &-v tan

U a Q cos (an) (3. )

sv s Q sin(an) ,

vhere the instantaneous uind direction, AN, equals <&N>+an and

the mean direction, <AN>, is chosen such that the average

cross-stream velocity <V> - <Q sin(an)> =0. The possible errors

associated with resolving U,v,w and Q in this manner are

summarized in table I (reproduced from Pond and Large, 1978),

together with their effects cn the calculated momentun flux and

drag coefficient. Some e=ors should tend to cancel, so

hopefully there is no nore than a *10% error in the average CD.

<C
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SOURCE I <uw> i CD CONENTS

O<error of *10 ±5 I ±5% The -< error is
SIbelieved to be I
I within *.5O with I
I 2-3% effects I
SII

JOffset at 5x/s 1 ±2% 1 ±3% IOffset errors partlyl
Jerrors at 10i/s 1 ±1% I ±2% Icancel rather than I

SJadd giving about I
1 1/2 the effects I

1±2% in calibration ±54% ±1%
II

11:9(0) relation ±3% I ±3%
II

1 6 fluctuations lNegligibleliegligiblel I
I I I I I

lNon-cosine I G=0 1 ±1% I *1% IFor 161 < 2-30 errorl
Iresponse of 16=,10O1 ±10% I ±10% is similar to 6=0. 1
IVI propellerl I iFor 161 =50 it is
I I I Ilikely within ±5%. 1
L -- ---- --- II 1 I ,I I

TABLE I Summary of possible errors in the velocity
measurement and their effects on the Reynolds flux
method.

Only the dissipation method is practicable on a moving

platform, because the 9 derived from Y nay be very different

from the instantaneous tilt needed to find w. U is also not

calculated from this type of data because it is not a simple

matter to separate the wind effect from the platform notion in

the vane's signal. The Gill-u signal from the dissipation

system does give an average Vi/cos S (from which a ship's

velocity is removed vectorally) and approximate average values

of Q (and U, since <Q>21.005 <U>). In this method the velocity

measurement is not the major source of error (section 2.5). A

: [,



+2% calibration error only leads to 2.7% and -1.3% errors in

I<uv>l and CD respectively and at Sm/s they are affected by the

offset error by only 0.3% and 1.3%. However, only frequencies

above those contaminated by the platform motion may be utilized.

The Gill-v signal functions as a check that the Gill-u propeller

and electronics are working properly and, if necessary, as an

input to the dissipation method.

The enclosure, HIT, of figure 3, serves as a radiation

shield and offers protection against rain and spray for the

temperature and humidity sensors that are mounted in it. Glass

coated microbead thersistors (Victory Engineering Corp.) measure

both the mean and fluctuating air temperature while glass rod

thervistors potted in epoxy measure both the sea temperature and

a mean air temperature. all these transducers form part of

similar bridge circuits whose non-linearity balances that of the

thermistors, making the output of an operational amplifier

detector linear over about a 250C range. 1ll probes were

initially calibrated in a water bath against a standard mercury

thermometer but later the rod thermistor provides an J& situ

calibration check of the sicrobead. The two temperature

measurements should not differ by more than 0.10 C, when both the

rod and microbead are working properly.

Although no latent heat flux data are as yet available, a

brief description of the attempted humidity measurements

follows. On Sable Island the humidity fluctuations were taken

with an aluminium-oxide sensor (Panametrics Corp.) and a Brady

array (Thunder Scientific Corp.)# but these failed because the
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sensors deteriorated in the salt air environment. This occurred

less rapidly in the case of the Brady so an attempt was made on

the Bedford tower to provide an .n gi calibration by replacing

the aluminium-oxide probe with a second Brady covered with a 60

micron stainless steel sintered filter. The calibration drift

was such reduced, but still serious, making both Brady arrays

unsuitable for long unattended operation. For up to a week or

two the drift of the filtered Brady was not too bad, but its

calibration was complicated by what may have been hysteresis

effects and temperature sensitivity. In addition, the response

of an open Brady is marginal at best (Smith e% 11., 1976). It

therefore seemed best to abandon the Brady array and to regard

all the data from it as unreliable.

For the ship operations where power reguirements are not I

restrictive a Lyman-alpha humidioneter (Electromagnetic Research

Corp.) has been employed to give the fluctuating humidity, while

a Cambridge Systems (Model 2000) devpoint system provided the in

situ calibration and average . The latter worked properly for

over a month before needing servicing and is promising. It also

gives an aspirated mean air temperature for checking the

icrobead. The Lyman-alpha, however, required constant

attention as its windows quickly became so dirty that its signal

went off scale before providing any useful data.

I
V
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3.3 The Reynolds Flux System

This system includes the sensors, an electronics package

and 6 digital cassette tape recorders to sample, digitize, and

record the data needed to determine the turbulent fluxes by the

Reynolds flux method, section 2.4. It processes each of its 6

channels in the sane manner as shown in figure 4, which

illustrates the data flow and parameters considered in

converting stored data back to the original physical quantities

sensed by the transducers (VlV2,AN,N, where R is any scalar).

Although the data processing is, for convenience, shown for the

spectra, it is actually performed on the Fourier coefficients

from which the spectra and cospectra are derived. A Reynclds

flux record consists of 5G sequential groups, each formed by

sampling first the prevhitener, Vp, at 3Hz, NF times, then the

low-pass filter, VL, at I/SSP, IS times. The slow sampling

period, SSP, is made as long as possible to conserve power and

tape. The high frequency variance and covariance lost because

the low-pass filter prevents full aliasing is recovered by the

fast subsamples. The 3 Hz rate is fixed because it is as fast

as 6 channels can be recorded by a pair of parallel recorders,

each receiving 3 channels. NF,NSNG and SSP are programmed by

means of thunbwheel switches and together they determine the

record length, the subsampling scheme and the portions of

frequency space covered by each sampling rate. In additional

switch sets the time interval between the start of records. In

order to prevent the cassettes filling with low wind speed data,

a wind speed limit can be set by another switch so that a

scheduled record is not taken if the average wind speed in the
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I ENVIRONMENT i
I Uv R *uvvr(f) I

V1 V2 AN R *2(f)

Transducer and Preamplifier
I Gain=C Offset=B I
I Transfer Function Hs(f) |

Vs= B + C (VlV2,AN,R) I+s(f)=CZ *2(f) IHs(f)I'

Prewhitener I I Low-Pass Filter
I dc gain=O Offset=Bp I I dc gain=1 Offset=BL
Transfer Function Hp(f) ] Transfer Function HL (f)

'Vp 1 *p(f)= +s(f) I Hp (f)I12  VL=Vs4BL + L(f)

#f)IHL(f)I2

I Sample And Hold
3 Hz I I 1/SSP,

I
I multiplexer IiI
I A To D Converter I

12-bit Words |

IF Samples / Group IS Samples / Group

I A pair of digital cassette i
I tapes store MG groups per I
I flux record. I

FIGURE 4: Signal processing in the Reynclds flux sjstem,
shoving the sampling scheme and all parameters
considered in the analysis.

i
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previous six minutes is less than the set limit. The system

continues to collect data until the three pairs of cassettes are

full.

The low frequency uv,w and r Fourier coefficients and

spectra *uvwr(f), are available from the slow samples. The

low-pass filters have a 1 second time constant and transfer

function, HL(f) (3db down at fL= 0.16 Hz). SSP has always been

set to 3 seconds, giving a Nyquist frequency fsn, (1/6 8z),

almost equal to fL, so the filter loss and aliasing should

nearly cancel one another. The sensor transfer function, Bs(f),

is ignored because it is typically 3db down at more than 5 times

fsn. A fast Fourier transform of the slow samples produces

spectra, *L(f), which must be nearly equivalent to Cz 02(f) for

f< fsn, where the gain, C, includes the dimensional conversion

from physical units to voltage. Because of the non-linearity in

the w calculation, the velocity data must first be converted to

VI, V2 and AN a C-1 (VL-BL-B) and then to 0, v and w vith

equations 3.3 and 3.4, before transforming and obtaining

the #uvv(f) spectra. NS has always been set to 256, so one

group of slows lasts 12.8 minutes and its Fourier cofficients

occur at frequencies from 0.0013 Hz to fns and contain the

variance and covariance from 0.00065 Hz to 0.167 Rz.

Finding the high frequency cofficients from the fast

samples is more complicated because the prewhitener, Hp(f), and

sensor responses are explicitly involved. The prewhitener

circuits behave as time aifferentiators at low frequencies to

increase the signal levels and eliminate spectral distortion
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from non-sampled frequencies, then roll off as R-C low-pass

filters at the higher frequencies. By design their response is

maximum and nearly flat at the fast sampling Nyquist frequency,

1.5 Hz, so that aliasing occurs without much loss of

contributions below a few Hz. The Fourier coefficients of the

fast samples (corresponding to #p(f)) are easily converted to

#2(f) = #p(f) [ C IHs(f) IHp(f)1 2-2

With the velocity channels, the #2(f) are inverse Fourier

transformed and a dc level is added to make the last fast sample

of 11, V2 and kN equal to the first slow sample of each group.

U, v, and v are then calculated using the mean coordinates axes

as determined by the slow samples, and it is the Fourier

coefficients of these time series that are used to produce the

desired high frequency Ouvv(f) spectra and cospectra. Without

the non-linear v calculation only one transform need be I

performed and this possibility is discussed in the cited

references. NF has always been set to 128 making the lowest

fast frequency 0.0234 Hz, so all the variance and covariance of

the lower 6 and part of the seventh frequency bands are already

contained in the slow samples.

Flux estimates and statistical quantities are calculated

from runs of.NGEP sequential groups of a record. The total run

time is used as the averaging period in the 8 calculation and

coordinate determination. The group spectra and cospectra are

averaged together over the run. In attempt has been made to use

the overlapping frequency bands to adjust the high frequency

!"I I_
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portion, however, this has not been successful because the lower

6 estimates from the fast samples are not statistically very

certain and often radically different from one another and from

the other high frequency estimates. The 128 low frequency

values span 0.00065 <f< 0.167 Hz, but the eighth high frequency

band does not begin until f- 0.176 Hz so an intermediate value

at f- 0.1715 Hz (bandwidth 0.009 Hz) is formed by interpolating

between the seventh and eighth values.

The resulting 186 point spectra and cospectra are

integrated in three different ways. The first, the I1 method,

is to simply multiply each value by its bandwidth and sum, that

is, to integrate from f- 0.00065 Hz. There are two

disadvantages with this method: first, the lowest natural

frequency, n fZ/<U>, included in the integration decreases with

<U> and this could give rise to apparent wind speed

dependencies; second, the lowest frequencies are not as

statistically certain as one would like and failure to converge

over a flux run could create a great deal of variability in

observations. A second integration method, 12, alleviates the

first problem by including the variance and covariance cf the

individual group means about the overall mean of a run. This

effectively adds a further VGRP samples at a 13.5 minute period,

which contain the contributions from 0.00062/NGRP to 0.00062 Hz.

However, the statistical uncertainty in this additional

contribution is very high, enhancing the second II problem.

Note that a small spectral gap from 0.00062 to 0.00065 Hz is

present in the 12 integration, because the slow sampling is

suspended during the fast sampling. The 13 method always begins

:I .
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its integration at the same natural frequency, n= 0.004, where

the spectral values are reasonably well established. The

integral is then multiplied by a constant factor E to compensate

for the excluded low frequency contributions. The value of 9

for each quantity is found from the normalized spectrum or

cospectrum, N(n), which is determined in secticn 4.3 from

averages over all available runs. The non-dimensional N#(n),

plotted against log(n) for convenience, should display a

universal form, depending only on Z/L. In section 4.3, E is

calculated from the normalized wt and uw cospectra and is found

to be a function of stability. Although the implied low

frequency contribution may not be exact, the results should give

representative averages and be subject to minimal variability.

The three methods are expressed by:

11 0 f(f) df
•0006 5

.00062
12 = Ii + #(f) df (3.5)

J.0 0062/NGRP

13 = E #(f) df
ff O04<u>/z

LPf N(n) d(logn) /O N(n) d(logn).

The 13 method is the most attractive and is compared with the

others in section 4.5 to determine if it is universally

applicable.

4i. j _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _
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3.4 The Dissipation System

This system employs the same sensors and preamplifiers, but

has its own electronics package and two digital cassette

recorders. it provides the estimates of e and Dr for the flux

calculations (section 2.5) and the mean sea and air

temperatures, humidity and wind for parameterization (section

2.3) and stability calculations (section 2.6). The architecture

of the data flow is shown in figure 5. Between recording at

intervals of Dt, each band-pass filter output is sampled at 20

Hz, digitized, squared and sunned I times. The sums are stored

in internal memory units until they are written onto a cassette,

at which time all the low-pass filter channels are also sampled

and recorded. Switches program NX to be as large as possible

while still allowing the summation to be completed before the

start of a tape write. Dt is usually set to 4 or 5 minutes,

making this recording system very economical of tape.

The low-pass filters are single pole R-C circuits with a 25

second time constant, followed by a unity gain operational

amplifier, hence they are well suited fcr providing the mean

velocity and scalar values over the averaging period used for

the 8 calculation and velocity computations of section 3.1.

These averaged results may be combined to give the means over

longer tie intervals if desired.

The band-pass filters consist of double pole high and low

pass stages centered nominally at.fcn 0.41, 0.8 and 1.6 Hz. The

prewhitener is a differeatiator at low frequencies that rolls

off as a single pole I-C filter above 10-15 Hz. The two filters
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FIGURE 5: Signal processing in the dissipation system.
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together form band-pass filters represented by combined transfer

functions Hc(f) with center frequencies at about 0.55, 1.05 and

2.1 Hz. Since the input spectrum falls off rapidly (f-50) the

frequencies of greatest power output are near the fc values.

The stored data words divided by NI give the average power, <P>,

passing through each band-pass filter. k -5/3 spectrum across

Hc is assumed in order to get a discrete spectral value at each

fc for all selected channels from

<P> = RHO *(f c)

where RHO - C2 f(f/fc-S/s IHs(f) I I8c(f) I df

with the integral taken over the range of frequencies passed by

the filters. Because RHO contains Hs(f), a function of U

(section 3.5), the integral must be evaluated at each wind speed

for each band-pass filter channel.

Equation 2.23 relates #(fc) to the dissipation of scalar

fluctuations, Ir, the molecular dissipation, E, and the

one-dimensional Kolmogozoff constants, Br' and K'. In the case

of scalars *r(f) - 02(f) and

ir - <P . f (27T/<U>)xft fc*3 (3.6)
RHO BrI

is available from each scalar band-pass filter once E has been

determined. Calculating e from the velocity signals is more

complicated because V2 always contains zone v and a non-zero

tilt introduces some w into VI as well. Some error is thus

&Ad
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introduced into RHO, because at the frequencies utilized only

*u(f), and not +w(f), is expected to be proportional to f-*3 and

hence neither VI nor V2 should have exactly a -5/3 spectrum.

Since the spectral values of the horizontal velocity component

are nearly equal to those of the dovnstream component, #uff),

(Pond and Large, 1978), 3.1 gives

#2(f) = # *u(f) S(S,f)

for the V1 signal A = cos2 6

S(,f) = [1+tan2& w(f)/u(f) *2tang #uw(f)/Ou(f) 3.

S(Sf) should really be placed inside the integral of the RHO

expression and integrated over the band-passed frequencies, but

because #w(f)/fu(f) and fuv(f)/#u(f) can only be approximated,

they are taken to be constants over each filter and placed

outside the integral to give an approximate S' (I). In the

inertial subrange *w(f)/#u(f) = 4/3, but this behavior is not

observed near the fces and instead it is taken to be 0.81, 1.11

and 1.29 at fc = 0., 0.8 and 1.6 Hz respectively. These are

simply the averages of 14 sonic anemometer observations from

Sable Island which also show fuv(fc)/#u(fc) to average -0.11,

-0.16 and -0.15. S,(S) is only a small correction (about 1.03

at So-SO and 0.98 at 8z 50), but not accounting for it

introduces a systematic error, which on a leaning tower could

turn out to be a function of wind direction and hence fetch.

Therefore, S' (6) is applied to reduce the error and sake it more

random. The correction is larger and the error more serious in



56

the V2 case where 3. 1 gives

C - cos ) A ]2

S(6,f) = [1+tan 2 ( 9) #v (f)/#u (f) +2tan (-<I) #uw (f)/#u(f))

An approximate S'(6) can again be used, but S ,< must be

assumed since the data to calculate the instantaneous angle of

attack at each digitization is not available. Therefore,

whenever possible it is far more desirable to calculate the

dissipation from the Gill-u rather than the Gill-w data. With

these approximations and reservations each velocity band pass

filter gives:

E13 =(27r/<U) f < c> 0 (3.7)
A K' RHO S'(6)

3.5 Sensor Response

When calculating E and Nr, sensor response corrections are

essential and they are of some importance to the Reynolds flux

measurements. Fortunately, the dissipation system provides a

means of establishing Hs (f) under the actual turbulent

conditions encountered. Assuming the sensors behave as an R-C

filter (3db down at fo : Hs(f)- (l+jf/fo)- , J=1T ), either Er

or C values from any two band-pass filters can be made egual by

an appropriate choice of fo. Of course random departures of the

input spectrum from its average -5/3 slope create scatter in

these fo's, but on average nearly the same response is indicated

•.: j
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by all three pairs of filters (the 0.4 and 0.8 9z, the 0.4 and

1.6 Hz and the 0.8 and 1.6 Hz). The success of this technique

establishes that the assumption of an R-C response is

appropriate and that there is a consistent average -5/3 region

throughout the range of frequencies passed by the three filter

combinations.

The response of mechanical sensors, such as the Gill

propellers, is characterized by a distance constant, D - the

wind passage required for a 63% recovery from a step change in

velocity. The R-C filter analogue gives 27rfo-nU>/D. It is

more important to establish fo during low winds where the

response is poor. In figure 6, the hourly averaged wind speel

is plotted against the 27rfo required to make the Gill-u

calculations of 6 from the 0.8 and 1.6 Hz filters egual. Nov if

D were truely a constant this plot would be a straight line

through the origin of slope D. The data imply that below 12

m/s, D is about 0.65., a significantly better response than the

quoted value of O.8m. At higher speeds the response appears to

improve even more than expected (D decreases) and this is

incorporated by using the solid line of figure 61, D a 0.56a

U/(U-1.Om/s). The line is a fit, for U> 4./s, to comparisons of

all three band-pass filter outputs over the entire time that

this particular anemometer-propeller (19cU, 2-bladed)

combination was in use. The response changes only slightly with

a different anemometer, but depends strongly on the type and

weight of the propeller. Heavier propellers of similar

construction, used on Sable Island, give D - 1.0. 0/(U-0.7a/s)

and 19cm 4-bladed ones show D - 0.79s U/(V-1.8/s).
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0.8 : 1.6 Bz -and-pass filter ratios of

A: the Gill-u horizontal rroellex,
B: the Gill-w tilted propeller, O<. 59.50.
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The data of figures 61 and 6B come from the same time

periods, but evidently sore air must pass in the horizontal

(longer distance constant, DT) before the tilted propeler

responds. This may reflect the non-cosine behavior, because

assuming DT-D//_g() gives the solid line of figure 6B and

DT-1.22 D for(=600 , which is an acceptable fit for 0<12 a/s.

The technique fails at higher speeds because the v spectrum

which forms a large part of the input signal, V2, is no longer

-5/3 throughout the Gill-v 0.8 Hz band-pass filter. This means

that useful ill-v data are less plentiful as ell as more

uncertain than that of the Gill-u, so it seems preferable to

take the distance constant of the tilted propeller as D//-9(0).

Such an approach turns out to lie between Hicks (1972 B) and

Gill (1975), whose results for a 600 angle of attack give

DT=1.1 D and 1.15 D, respectively.

A similar procedure was used to establish the " situ

response of each microbead thermistor mounted in the HAT.

Regrettably, it had to be based on very.little data because each

bead worked for only a relatively short time and a lot of

recorded data has been rejected because of calibration problems

and suspected salt contamination of the microbead. most of the

reliable temperature data from the Bedford tower is included in

figure 7, in which the hourly averaged wind speed is plotted

against the sensor response required to make Nt calculated from

the 0.8 and 1.6 Hz temperature band-pass filters, equal.

Clearly the response improves with wind speed. The solid line,

of slope 0.90m, is an acceptable fit to all the data, implying

that the microbead response, in winds up to at least 20 m/s, can

* Y
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also be described as an R-C filter with a distance constant, DB.

Riyake S1 Al. (1970 3) quote a 26 Hz response for similar

microbeads at an aircraft spec,. of 70 m/s (distance constant

about O.4). The lover wind speeds ay give the poorer response

indicated by figure 7. It is suspected, hovever, that the

response is limited by the HAT itself and the success of a

distance constant description is a consequence of the amount of

air needed to flush the enclosure. accordingly, the data from

individual microbeads agree with a DB of 0.90. to within *5%.

If the response is being treated properly, the Reynolds

stress derived from each of the three band-pass filters should,

on average, be equal. In figure 8 the ratics of 62I (from 3.7)

and equivalently (from equation 2.28) <uw> are plotted as a

function of wind speed for the same data as used in figure 6.

Evidently the chosen response is reasonable. Very few

individual ratios differ from 1.0 by more-than 10%. At the

lower winds the averages of all three ratios are nearly 1.0 and

in the case of the 0.8/1.6 ratio, this is true up to 20 s/s.

Between 12 and 20 u/s, the 0.4 Hz band-pass filter appears to

have about 5% smaller stress values (less output power) than

expected. This may reflect a deviation from a purely R-C

response, but ore likely it is evidence of the lower portion of

the filter lying, on average, below the f-SI frequencies during

these higher winds. At 16 u/s the distance censtant formulation

gives D- 0.6a, but if it were taken to be a constant 0.65a the

observed 0.4/0.8 ratio would be even less, because the response

correction at 0.8 Hz increases faster than at 0.4 Hz as the

response is made poorer. The correction is highly non-linear
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with wind speed and very different from filter to filter.

Because the ratios of figure 8 vary so little, on average, with

mean wind speed, it is unlikely that errors in the sensor

response will produce any major spurious wind speed

dependencies. I similar check on the microbead response is not

feasible' because both the 0.4 and 0.8 Hz band-pass filters are

often not entirely in the -5/3 region of the temperature

spectrum. The inevitable presence of contaminated data adds a

further complication.

3.6 The Experimental Program

The Bedford tower experiment lasted fros September 1976 to

April 1977. A description of the tower and the results from the

BIO system can be found in Smith, 1979. The tower was a

floating spar buoy moored in 59m of water, which sakes the site

essentially a deep water wave regime (Smith, 1979). The

location and a photogragh of the tower are shown in figure 9.

The shortest fetch to the tower site is from the vest and is

about 10 ki, while open fetch conditions extend over a 1700

range. The electronics packages can be seen on the main deck,

about 3m above the sea. The Gill and HIT are at the very top

alongside the BIO thrust and aerovane anemometers and miczcbead

thermistor. The tide tables for Halifax harbour *are used to

find the. phase and amplitude (assused equal to half the tidal

range) at the beginning of each run, from which the measurement

height Z is calculated assuming a purely 32 tide, which is the
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predominant tide in this area. The sea temperature sensor was

tied to the tower about 1om below mean sea level. Surface

meteorological observations, including the atmospheric pressure,

PA, for air density calculations, were routinely recorded at the

Shearwater "A" land station of the Atmospheric Environment

Service, located about 15 km north of the tower site (figure 9).

While on the tower, the Reynolds flux system recorded the

three anemometer signals plus a microbead thermistor, an open

Brady humidiometer and a filtered Brady from the HAT. The

switch settings of section 3.3 were employed so that flux runs

of either 3 or 4 groups corresponding to 40.5 or 54 minutes

respectively, can be processed. From September 15 a new record

began every hour, but on the 23rd the interval was increased to

3 hours and the lower wind speed limit was set to 10 i/s. On

October 4 the limit was changed to 8 a/s then increased to

12m/s on October 6 and put back to 10m/s on February 15 where it

remained until the end of the experiment. Meanwhile the

dissipation system (figure 5) sampled and recorded the low-pass

data from the same six signals plus a rod tbermistor from the

HAT and the sea temperature. The Gill-u, Gill-w, microbead and

open Brady signals were selected to be band-pass filtered. The

nuser of summations, NI, was set to 4500 to comply with a 4

minute Dt, which enabled the pair of cassettes to last for 52.5

days.

1 '
E . . . ._ _. .. . .... . .. . . . . 1
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The weather ship experiment included the four patrols of

CCGS Quadra between July 1977 and April 1978. During the third

and fourth patrols a single propeller Gill anemometer was used

with the Gill-u signal also being processed as the missing

Gill-v signal. The typical mode of operation of the ship when

at "PAPA" (figure 10) was to drift with the wind then return to

station by steaming into the wind at less than 4 knots. During

the latter operation the great bulk of good data were collected,

but some useful data were also collected as the ship steamed at

7 to 12 knots while en route to "PAPA" (figure 10). The

location of the sensors on the ship's foremast is shown in the

photograph of figure 10. Cables were run to the electronics

packages two decks below the base of the mast. With winds

coming over the bow the measured tilt angles are typically only

about *70, indicating that the ship's distortion of the mean

flow is not enough to upset the dissipation method. However,

winds more than 300 to starboard or 600 to port were found to

have greatly perturbed high frequencies, which proved to be very

unfortunate because the ship drifted for many hours in such

winds. In addition the foremast location received a great deal

of spray so that the microbeads broke and the Lyman-alpha

windows became dirty soon after the first enccunter with heavy

seas. as a consequence very little temperature data and no

humidity data are available from the ship. The spray also

caused a great deal of pitting in the leading edges of the

propellers, which they can fortunately tolerate. In a

subsequent experiment (JASIN 1978), the same sensors were

mounted forward of the bow of the FS meteor so that the wind
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toute of the veatherships.

B: The instrumentation on the foremast of CCGS Quadra.
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carried the spray away and a great deal of both temperature A

humidity data were collected.

While on CCGS QUADRA, the dissipation system lou-pass

filtered and recorded the signals from the following sensors: a

rod and two microbead thermistors from the HAT, the Gill

anemometer, a Lyman-alpha humidiometer and the dewpoint system.

The two Gill velocity, the two microbead and the Lyman-alpha

signals were all band-pass filtered. Dt was set at 5 minutes,

allowing NI to be 5800 and up to 56 days of data to be stored on

the two cassettes. The Reynolds flux system was included to

provide velocity and scalar spectra. It was set up as on the

tower, but the Brady arrays were replaced by the dewnoint and

Lyman-alpha signals. The wind speed limit was always set to at

least 8 n/s so that flux records were taken throughout most of a

patrol. With these switch settings it was pcssible to turn the

systems on prior to sailing and to retrieve the data cassettes

upon return seven weeks later. A sea surface "bucket"

temperature and the atmospheric pressure are available from the

ship's three hourly meteorological observations.

I
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CHAPTER 4 REYNOLDS FLUX .SUREMNTS FROM

THE BEDFORD STeALZj TOW

4.1 Introduction

The Reynolds flux data set from the Bedford tower consists

of 196 momentum flux runs with winds up to 20 n/s and the

majority of stabilities in the range -0.4 <Z/L< 0.1. In most

cases the fetch is unlimited, but winds from all directions,

except those which put the sensors in the wake of the BIO thrust

(from the east), are allowed, so some fetches are as short as

10 km. The runs are restricted to the 5 i/s or greater winds

necessary to keep the tilted propeller in its linear operating

range, which also ensures that the measurement height, ZZ13 m,

is in the "constant flux" layer. It is very gratifying to find

that in each case where simultaneous dissipation data exists,

192 runs, the band-pass data confirm the existence of a -5/3

region in the velocity spectra. Other runs are rejected because

the Gill-w and Gill-u signals do not track each other properly.

All 196 runs have been considered for sensible heat flux

calculations, because even 5 n/s winds are sufficient to flush

the HIT. However, during many of these runs the temperature

data are not available, because either the microbead was broken

or very cold air drove its signal off scale. A few runs are

also rejected because the mean air temperatures from the rod and

microbead thermistors do not agree to within a0.1OC. In

addition many more runs have not been processed due to what is

believed to be the sensitivity of a salt contaminated vicrobead
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to humidity fluctuations as reported by Schmitt et al., 1978.

This behavior is recognized by relatively little variance in the

temperature spectrum below n=0.01 and in many of these cases,

but not all, the dissipation data reveal that the temperature

spectrum is not falling as steeply as -5/3. only 60 of the 196

runs have been found to satisfy criteria for temperature flux

calculations.

All the Reynolds flux results are tabulated in the Appendix

and are referred to as runs T1 to T196.

4.2 The Stability Parameter Z/L

A stability parameter Z/L(&T) is calculated from equation

2.38 for each of the 196 runs. The surface temperature, TSFC,

is approximated by the dissipation system's sea temperature

probe, TSEA, which is assumed to have fallen linearly over a 16

hour period that was not recorded (runs T90-T93). The mean air

temperature, TZ, at the measurement height, Z, usually comes

from the rod thermistor of the dissipation system, but over the

unrecorded gap and during periods when the rod's signal either

has erratic behavior (runs T47-T55, T74-T85 and T138-T149) or is

offscale, the flux system's recordings of the microbead are

used. Unfortunately, during runs T102-T110, T117-T122 and

T131-T133 neither temperature sensor was operational and it is

necessary to use the meteorological observations from

Shearwater. In figure 11B, Z/L(AT) is plotted against the more
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exact Z/L(u*,<wt>) (equation 2.36) for the 60 temperature runs.

The two calculations tend to agree on average and seldom differ

by more than *0.05, but occasionally the difference is

substantial (more than 0.2). Since u* is calculated for all the

runs it can be used, instead of <U>, to calculate a stability

parameter Z/L(u*.4T) from equation 2.37. However this estimate

does not agree as well with Z/L(u*,<wt>) as shown in figure iiA,

where systematic departures from a 1:1 relationship are evident.

Since <wt> is only available from the temperature runs it often

must be approximated by CT <U> AT, but evidently the associated

error is partially compensated by the error in replacing u* 2

with CD <U>2. The bulk estimate Z/L(.T) is to be used

exclusively, because it is the best estimate of stability that

is always available, even though it may not be very accurate for

an individual run.

4.3 Turbulence Spectra And Cospectra

The spectra of the fluctuating velocity components and

fluctuating temperature, 0(f), provide a means of evaluating the

performance of the Reynolds flux system (section 3.3).

To find a value of E for each quantity integrated by the 13

method, equation 3.5, normalized spectra and cospectra, 3O(n),

are established by averaging over all available runs. All

spectral values and their corresponding natural frequencies,

n=fZ/<U> (186 per run), are first calculated. The O(n) are then

%'i
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multiplied by f to produce a variance preserving plot against

log (n). Next the f #(n) are non-dimensionalized by dividing by:

u* 2 in the case of velocity spectra and cospectra, (at)z for

temperature spectra and <it> =-Xu*t* for w,t cospectra.

Finally, the discrete normalized spectral values froa 9 runs in

a particular stability range are band averaged over n, such that

Alog(n) remains constant, giving a mean, taken to be N*(n), and

a standard deviation, a, for each band. I plot of U*(n)

vs. log(n) should, according to similarity theory, display a

universal form, depending on stability. The normalizing factors

u*g=-<uw>, <tt>s(at) 2 and <vt> are found for each run by

integrating tuw, #t and #wt from n-O.004 and are therefore as

such as 10% small, but the error is independent of wind speed.

There is a great deal of scatter in the *(f)'s, not only from

run to run, but between nearby frequencies of the same run, due

to the inherent variability of the Fourier coefficients. The

latter effect is reduced by averaging over the NG groups of a

flux run. However, it is not reduced further, by averaging over

Fourier bands, because this greatly increases the band-uidth,

which should be kept as narrow as possible in order to keep

I(n) representative of its natural frequency, especially at low

frequencies where there are only a few points in each band. as

a consequence, Ois extremely large and not indicative of the

variability of the. mean, N (n). Since the A runs are

independent, oaNEy/J is taken as an estimation of the standard

deviation of the mean. This estimation assumes Gaussian

statistics, which should be approached with a large number of

runs, and that the mean and o" are good measures of the
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population statistics, which requires that NP, the number of

points in a band, be much larger than H. This latter assumption

is not strictly satisfied as NP approaches H, but because each

run continues to contribute at least one point, the statistics

should remain nearly Gaussian with oa1-r71K a reasonable

approximation. similarly, when NP becomes less than I, each

point comes from a different run and ohab/ANWP is assumed.

In the following normalized plots NOn) from each band is

plotted in the middle of the log(n) band and shown by a diamond

with vertical bars extending up and down I at. In the

logarithmic plots the means (squares) are plotted and solid

lines of -2/3 slope, indicating # (f) proportional to f-s/3, are

drawn. The runs are sometimes split into stable and unstable

groups which are averaged and plotted separately. There is no

attempt to average over smaller stability ranges because the

large majority of runs span only a narrow range and because of

the large uncertainty in Z/L(&T).

Velocity Spectra

The normalized spectra of the downstream velocity

component, Nfu(n), are shown in figure 12 and there is a marked

dependence on stability. The peak of the spectrum of the stable

runs, figure 12B, occurs at a natural frequency more than a

decade higher than that of the unstable runs (figure 12,), whose

spectrum in turn has a greater proportion of its energy at lower

frequencies. The spectral points below n=10-3 come frcm the

highest wind speed runs and their average over the natural
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frequency band, log(n)= -3.21 to -3.00 is about 0.75 in both the

stable and unstable case. It does appear, therefore, that a

spectral gap is emerging between the fluctuating notion and the

mean flow. Some platform notion is expected, but it is not

evident in the spectra, perhaps because it is obscured by

averaging over large frequency bands. The log-log plots of

figure 12 display a similar shape and stability dependence as do

the over land spectra of McBean, 1971. In contrast, the

measurements over land of Kaimal A al., 1972, suggest sharper

peaks.

Contributions to the bands between n=0.1 and n=0.4 come

from both the slow and the fast samples depending on wind speed

and the small pluses on figure 12A represent the band averages

using only the slow samples. These are plotted at the average

value of log(n) and not at the band center as are the overall

averages. In this range (0.1 <n< 0.4) the fast sampled spectrum

does, on average, match the more statistically certain spectral

values found from the slow samples. There is no evidence of

aliasing in the slow samples corroborating the argument that it

is compensated by the I second time constant low-pass filter.

Similar matching is not done in figure 12B because the points

fall near the peak of the spectrum.

It happens that all three Gill-u band-pass filters may be

utilized under all conditions encountered at the tower and at

"PiPI". The logarithmic plots of figure 12 show that both the

stable and unstable spectra begin to display a -5/3 region at

about a natural frequency n=0.2. Above nal.0, the Nyquist

'1
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frequency when <U>218 a/s, the I~u(n) fall above the -2/3 lines

(fall less rapidly than -5/3), reflecting the expected spectral

distortion due to aliasing. Pigure 8 suggests that, at Z-13s,

the output of the 0.4 Hz tand-pass filter contains frequencies

below the -5/3 range with 12 n/s and higher winds, which sets

the low frequency cut-off of Hc(f) at about (0.2 12a/s/ 13m) -1

0.2 Hz. However, figure 8 also indicates that the stress

calculated from the 0.4 Hz filter is only about 5% lower, on

average, than that calculated from the other filters, for winds

up to 20 u/s. Therefore, utilizing all three filters to find

the stress should introduce a systematic error less than 2% and

in return improve the statistical certainty of the estimate.

The effective low frequency cut-off of the 0.4 Hz filter and

prewhitener combination is n <9>/Z 2 (0.2 20s/s/ 13m) = 0.3 Hz,

the 3db down frequency of Hc(f). The tower winds-are always

less than 20 m/s and at "PAPA", the wind plus ship speed is

always below (0.3Hz 22u/ 0. 2) • 33 m/s, therefore, the

dissipation calculations always use the data from all three

band-pass filters.

Of course, filters cannot be used in the dissipation method

if they pass frequencies contaminated by the ship*s motion. The

horizontal velocity spectrum, f mQ(f), o' figure 13, is an

average of four Reynolds flux records taken during very rough

seas and slightly unstable conditions at "PAPI". The spectral

values are averaged over bands of log(f) in the manner described

for the normalized spectra. The number of runs, E, is 4, so the

vertical bars extend *1 at s Wy/2, where - is the standard

deviation about the mean f #Q(f) of a log(f) band. The 22 a/s
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winds make n and f very nearly equivalent and the spectrum is,

accordingly, nearly the same as figure 121 except between f-0.1

to 0.3 Hz where the motion of CCGS Quadra is conspicuous.

Thankfully, even under such extreme conditions, very little ship

notion should be passed by the 0.41 Hz band-pass filter

prewhitener combination. Nonetheless, its output while cn a

ship is always checked.

Figure 14 shows the normalized vertical velocity spectrum,

I~v(n). The peaks, near n equals 1, are barely reached with the

3Hz fast sampling rate, but there appears to be a shift to a

higher frequency in the stable case, which is in accord with the

over land studies previously cited. The spectral shapes near

the peaks must be distorted by the aliasing of a relatively

large amount of high frequency variance, some of which is

inevitably lost because there is only partial correction for

sensor response. Again there is no evidence of platform motion.

At low frequencies ch is very small and the low spectral levels

and the observed stability dependence have also been found in

other studies, indicating that the horizontal velocity is being

properly removed from the tilted propeller signaL In section

3.5 the Gill-v response investigation suggested that the -5/3

range of fw(f) begins above n (0.8Hz 13m/12m/s) W0.9, and this

is consistent with the logarithmic plots of figure 14.

Therefore, some restrictions have to be imposed when the Gill-v

band-pass filter outputs are used in the dissipation method. On

the tower, for example, the 0.4, 0.8 and 1.6 Hz outputs should

definitely not be used when the wind speed ezeeds (0.3 Hz 13m/

1.0) 2 4 a/s, 8 i/s and 16 s/s, respectively.
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XTh maue spectrum

The normalized spectrum of the temperature fluctuations,

Vt(n), from all 60 temperature runs, is shown in figure 15.

Individual plots for averages over the 27 unstable and 33 stable

runs are not presented because they are not very different and,

with so few runs, not very statistically certain. However, the

majority of runs have JZ/L| < 0.1, so figure 15 may be

representative of "near neutral" stratification. Accordingly,

the spectral shape is very much like McBean's (1971) near

neutral case, however the generalized temperature spectrum of

Kaimal 2t al., 1972, indicates a sharper peak at a higher

frequency. In average over the log(n)= -3.25 to -3.0 frequency

band gives a mean of 0.15, which, despite a large standard

deviation, supports the existence of a spectral gap that

seemingly would emerge if more high wind speed runs were

available. The two pluses plotted near n=0.2 and n=.3 are the

averages of 1524 and 402 points, respectively, from the slow

samples only and their average fits the high frequency portion

of the temperature spectrum quite well. The rise cf the higher

frequency plus may be a consequence of combining the stable and

unstable runs, or due to a little aliasing, but when the

miccobead is suspected of responding to humidity fluctuations

the peak of the spectrum is found above n=O.1 and the inclusion

of only a small amount of such data could likely be the source

of this feature.
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The logarithmic plot does not exhibit any evidence of a

-5/3 region, which the San Diego results of Phelps and Pond,

1971, show to begin at about n0.6. Here the spectrum is

distorted by aliasing before it can develop, however one of the

criteria for selecting the 60 temperature runs is that the

ratios of the band pass filters reveal the existence of a -5/3

region above n-0.6. The 3db down frequencies of the combined

prewhitener and 0., 0.8 and 1.6 Hz temperature band-pass

filters are about 0.3, 0.55 and 1.0 Hz respectively. The

implication is that the use of the temperature data in the

dissipation method ought to be restricted in the following

manner: the 0.4 z to winds less than (Z 0.3Bz/0.6) 11 6 a/s on

the tower and 10 n/s on the ship, the 0.8 Hz to speeds less than

(Z 0.55Hz/0.6) % 12 n/s on the tower and 20 n/s on the Quadra

and the 1.6 Hz to <U> below (Z 1.0Hz /0.6) M 20 m/s on the tower

and 37 i/s on the ship. Unluckily, at the higher wind speeds

only data from the 1.6 Hz filter are useful, so there is no

check on the -5/3 region.

Zhi 3.! Cosuectrum

The normalized u,w cospectrum, Nuw(n), from the stable

runs is significantly different from that found In the unstable

case, as shown by figure 16. The over land results of both

EcBean and Eiyake (1972) and Nainal g j. (1972) are in

excellent agreement with these over sea spectra. When

calculating I for the 13 method of integrating u,w and w,t

cospectra (page 51), the Vi(n) are averaged over bands of

Alog(n) - 0.25. ?or clarity, the bands in figures 16 and 17 are

I .

__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ 1
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0.40, but the solid curves trace out the approximate areas

integrated. From its peak at a natural frequency n-O.03 the

unstable cospectrum, figure 16A, falls steeply to lower

frequencies leaving about 1% of the total covariance below

nU10-3o. The sore gentle fall to higher frequencies is usual,

but here, as in figures 12 and 14, aliasing distcrts the shape

above n-1. The highest frequency point is plotted at n-4, the

band center, but the average log(n) of this band is at n-3.2,

which is near the high frequency cut-off of the integration over

the Alog(n) S 0.25 bands. The total area under the curve vas

found to be 1.06 times the area from n-O.O0. The stable

cospectrum, figure 16B, shows more covariance at higher

fequencies with a peak at about n-O.2. There is no cOvariance,

on average, below n-0.002, but individual runs often display

significant amounts, both positive and negative. The total area

under the solid curve is only about 1.005 times the area from

n-.004. The ratio 2, required for the 13 method of integrating

the cospectrum, turns out to be a function cf stability and

Eu-1.06 and Zsl.005 are realistic values for unstable and

stable cases, respectively.

Ths i&&

The normalized wet cospectrum, Itwt(n), behaves in a

similar fashion as N uw and also agrees with the over land

measurements. The unstable cospectrum, figure 17A, displays a

broader peak at a slightly lower frequency than does the stable,

figure 17B. Again there is a greater proportion of the

covariance at the lower frequencies in the unstable case, bhereV __,______
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the total area under the solid curve is about 1.10 times the

amount from n-0.004. In the stable case this ratio is only

1.04. The suggestion is that the 13 method of integrating w,t

cospectra ought to use lunI. 10 (unstable) and Ws-1.04 (stable).

With only 33 stable and 27 unstable temperature runs these

cospectra and integrations have more uncertainty, as reflected

by the larger estimates of the standard deviation of the mean,

than found for uu. Humidity sensitivity of the temperature

sensor is difficult to diagnose from the cospectrus, because it

results in f #vt(n)/<ut> being very similar to the average

stakle case, figure 17B.

4.4 Turbulence Statistics

The spectra and cospectra from each run are integrated from

f-0.00065 Ez (the 11 method), to give estimates of the

statistical quantities at, ol, ow, at and the u,w correlation

coefficient r(uw) = <uw>/(ao ft). The mean, standard deviation

and wind speed dependence of some of these normalized quantities

are presented in table I1 however there may be some stability

dependence in these results. It is evident from figure 12 that

this method of integrating tu(f)is likely to underestimate a by

more than 13% at (U>-6 n/so This effect decreases with

increasing wind speed and accounts for' at least half of the

observed increase in a%/U> with <U>. & similar behavior is

expected for V and Ot, which also have significant low

frequency contributioas. The mean and scatter of oV/<U> and
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III i nesults cf
leans of I Standard Linear I Smith & Bankel
1196 runs Ideviationi regression I 33 runs

I! I III I II

I 0%^1> 1 .092 I .018 I .061 + .0026<U>1 .094 * .014 1
III I II

I I I

OV/<U> 1 .080 I .031 1 .036 + .0037<0>| .084 * .022 1
III I II
III I I

CO/<U> 1 .042 I .006 I .027 + .0013<U>j .048 * .005 1
I I" l I II

oV/u* 1.24 I .10 I 1.18 + .005 <U>! 1.417 * .11 1
III I II
III I I

-r(uv) .31 I .06 I I .34 * .07
III I II

TABLE II Turbulent velocity statistics from the 196 Reynolds
flux runs. The means * 1 standard deviation from
Smith and Banke, 1975, are shown for comparison.

Ob/<U> are, therefore, quite reasonable. The values cf Ob/<U>

and OU/u* are rather less than those of Smith and Banke, 1975,

perhaps because the aliased frequencies are not completely

corrected for sensor response. Figure 16 shows that the II

method should never underestimate obw by more than 5% and that

the loss of high frequency covariance should be less than half

the amount of variance lost by OV. The combined error in ouw

may, therefore, be about half the sum of the at and OV errors,

which is consistent with the correlation coefficient r(uw) being

similar to previously reported values.

Figure 18, shows the means of oU/u*, oV/u* and at/T*

(T*=Xt* is used to conform with McBean, 1971) band averaged over

ranges of Z/L. Only 39 of the temperature runs are used in the

averaging, because many runs are near neutral where large Ot/T*
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Standard deviations about
the plotted means

II {
Stability range i Number I I I
mid Z/L *0.01 I of runs I oU/u* I o /u* I d'r/u* III ' I I II

' I I ,
-0.05 I 13 I 0.30 I 0.79 I 0.12

II I I II
II I I

-0.03 I 17 I 0.25 I 0.41 I 0.09
II I I II

-0.01 I 22 1 0.43 I 0.51 I 0.06
II I I II

' I I. I I
0.01 I 25 I 0.58 I 0.69 I 0.10II l I II

' I I I I , -

0.03 I 28 I 0.34 I 0.26 I 0.08II I I I
'I I I I

0.05 I 16 I 0.47 0.45 I 0.09
I I I I I I

TIBLE III Standard deviations of the turbulence statistics
about the stability band means plotted in figure 18.

values occur as a result of the "noise" in at discussed by

HEcBean. With so few temperature runs available art/T* at

Z/L-0.077 is plotted even though only 6 runs fall in the band.

Otherwise, the stability ranges are selected so that at least 10

runs fall into each band. For clarity, some standard deviations

from the band averaging at small vauos of jZ/LI, are presented

in table 111. Typically, the standard deviations about the mean

Ot/T* values in figure 18 are about 0.5. The magnitude of the

standard deviations in table II are comparable to the scatter

in cBean, s results. olb/u* ezhibits the smallest stability

dependence and the least scatter, perhaps because low frequency

contributions to oV are minimal. almost all the averages

plotted in figure 18 fall within the scatter of Nclean's (1971)

9,'!-
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plots and the observed differences are not unexpected. His

variances are computed as integrals from n=0.01 to 10, giving

even smaller oU's, but better o"'s than the I1 method.

Accordingly, his ft/u* values tend to be lcwer and his ar/u*Is

higher than the corresponding means in figure 18. However, the

wind speed ranges of the two studies are considerably different

(<U> <8 m/s for all of cBcean's runs), so any wind speed

dependencies, such as shown in table II, complicate the

comparison. In addition, both u* and T* are calculated from

integrals over different frequencies. Despite these problems,

ai/u* and at/T* in figure 18 are generally in excellent

agreement with McBean. Measurements of the sensible heat and

moisture fluxes were used by McBean to find Z/L. The overall

stability dependence of all the statistical guantities is very

similar in both studies, which lends credence to the belief that

Z/L(AT) is, on average, a good estimate of the stability

parameter.

There do not appear to be any unexpected discrepancies

between the statistical quantities and previous results. The

loss of low frequency covariance can hopefully be avoided with

the 12 or 13 methods of integrating cospectra. The dV values

are probably too small, but because this is due to frequencies

above 1.5 Hz there should be no serious consequences felt by

<uw> and <wt>. In conclusion the sensors and Reynolds flux

system seem to be performing as expected and quite capable of

providing reliable estimates of the momentum and sensible heat

fluxes.
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4.5 The Fluxes Of momentum lAnd Sensible Heat

Three methods of integrating cospectra over the uncertain

low frequencies were discussed in section 3.3 and formulated in

equations 3.5. Il includes all frequencies from the slow

samples, 12 adds contributions from the lower frequencies

represented by the group means and 13 integrates from n=0.004 to

which a stability dependent factor, E, is applied to account for

the low frequencies not integrated. The ratios of <uw> from the

different methods are averaged over 2 m/s wind speed bands and

tabulated in table IV. The 13:I1 ratio is expected to converge

systematically to 1.0 from greater values as the wind speed

increases. For the unstable runs this should occur at about 13

m/s when the integral from f=0o.00065 Hz begins to cover all the

natural frequency range of the normalized cospectrum (figure

161). With Eu-1.06 this does occur, but above 14 a/s the ratio

is again greater than 1 possibly because these runs are nearer

to neutral conditions than the average and require a lower Eu.

However, the overall average of 1.00 suggests that Eu should be

increased to reflect that the I method sometimes does miss some

of the covariance. The uncertainty in Z/L makes stability

adjustments to Eu impractical, but these would affect the flux

by much less than the measurement error. Keeping Eul1.06 seems

reasonable and the overall 12:13 ratio of 0.99 indicates that

using this factor includes the average cont ibution to the

covariance from the group means, which in fact usually reduces

the downward momentum flux as shown by 11:12 >1.0.

!I
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108 unstable runs i 88 stable runs i
I Eu"I.06 I Es-1.005

[Wind speedI
I I. I.
I l1m/s liPointsiIl:l2112:I3113:IlllPointsIIl:I2hI2:I3113:Il

III II I II I I I I
1 II I I

6 II 13 1 1.101 0.971 1.0211 6 I 1.021 0.921 1.181III I I II I I I I
II '1 "1 :I I I ' I

1 8 II 17 1 1.031 1.001 0.9811 15 I 1.011 0.791 1.041
I!1 I II I I I1
1:1 I 1 II

10 II 18 I 1.001 1.011 0.9911 21 I 1.051 0.951 1.021
III I II II I I I I

II I "i I +i I i I
12 II 21 I 0.981 1.061 0.9911 21 I 1.031 0.961 1.021III I I I II I I I I!I I I 11 11 -1 i

1 14 II 12 I 1.041 0.941 1.0311 11 I 1.021 0.991 1.001I II I I I II I I I I
, ,I , I "1 ' # - I I I

1 16 II 14 I 1.031 0.961 1.0311 7 I 1.011 1.001 0.981Iil I I I II i I I I
II I I "I'1 I III

1 18 II 11 I 1.031 0.951 1.0211 6 I 1.011 1.041 0.961II I I I II I I I
It i III! I I. I
',I '1 '1 II I i '

Ioverall II I I I II I I I
I average II I 1.031 0.991 1.0011 I 1.031 0.941 1.031

1 " II I .15 I .14 1 .07 II .22 I .31 1 .14 1
III I I I II 1 I l

.I I AI I

TABIE IV Comparison of the different methods of integrating
the u,w cospectrum.

At 0=11 u/s the I1 method begins to integrate over the

entire stable normalized u,w cospectrum (figure 16B). When

averaged over all runs above 11 u/s the 13:11 ratio is 1.00 and

the 12:13 ratio 0.98, showing Es- 1.005 to be appropriate. At

lower speeds the 13 method does not include low frequency

contributions which reduce the downward flux, making 13:11 >1

and 12:13 <1. These positive contributions to -<uw> were

balanced in the normalized cospectrum by negative contributions

(downward flux) from the higher wind speed runs. One particular

- - - - - - - - - _ _ _ _ -
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run in the 6 1/s band gives 13:11 - 2.13 and there are not

enough other runs to balance it off. Excluding this run from

the band gives 13:11 (1. It is likely then that the overall

13:11 would be reduced if sore runs were available for

averaging. One stable run in the 8 z/s band has such a large

positive contribution from the group means that the total

integral, <uw>, becomes positive with 12:13- -1.56. Without

this one run both the 12:13 tand average and overall average

increase to 0.96, so that most of the covariance from the group

means is, on average, included in the 13 method. The decrease

of 13:11 with wind speed in the stable case, suggests that if

more runs and a better measure of Z/L vere available Es should

be made a function of stablility.

The different methods of integrating the vt cospectrus are

compared in table V. The strange results in the 12 i/s,

unstable band are caused by run Tll whose group mean

contribution, -0.018 OCm/s, is larger in magnitude than and of

opposite sign to the .I1 integral, 0.015 oC3/s. If this one run

is excluded, the band average and overall average 11:12 become a

sore reasonable 1.Of and 0.94, respectively, with the

corresponding 12:13 ratios going to 0.99 and 1.11. For the low

speed unstable runs, 11:12 less than one, suggests that there is

a significant contribution to the w,t covariance at frequencies

below fu0.00065 as do the results of HcBean and Riyake, 1972.

without high wind speed runs it is not possible to extend the

normalized cospectrum (figure 17k) below n-0.001, where it is

still fairly large. The cospectrum was made to drop off to 0 at

n-0.0002 so that uil°.10, which is a compromise. The HcBean and

JI _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _
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I I 27 unstable runs 33 stable runs
I 3u=1.10 I Es=1.04

hind speedl I I
II I

I *1./s IlPointsi l:I21:12:T31T3:IllIPointslII:T2iI2:T31I3:I1l
II! I I II I I i I

6 II I6 .79 1 1.361 1.0111 2 I 1.081 1.041 .92 I
III I II II I I I III I I "1 II 1

1 8 II 11 I .96 1 1.061 1.0511 2 I .52 I 6.281 1.171

I II I i I II I I
1 10 II 4 I .99 1 1.001 1.0111 7 I 1.191 0.951 1.031

III I II II I I I I
II I I I I I

12 Il 6 I -. 141 .80 I 1.0611 9 I 1.061 0.921 1.031
III I I I II I I I I

III I ' I II 1 I I

1 1 II I I I II 3 I 1.031 0.911 1.061
III I I I II I I I I

I I I I I I

16 Ii I I I II 5 I .96 I 1.071 0.991
II I I I II I I I I

AI 1 I It I I I

1 18 II I I i II 5 I .73 I .52 i 1.011
III ! I I II I I 1 I

I I I I ! II I I I I
II ~ I ' I I ' 1II I I I

IOverall II I I I iI I I I I
I average II I .68 I 1.061 1.0411 1 .99 1 1.221 1.031
1 l II I 1.371 .39 I .12 II I .47 i 1.891 .09 I
III I I I II I I I I

SI I I I I

TABLE V Comparison of the different methods of integrating
the v,t cospectrum.

Miyake results indicate a more rapid drop, but the overall 12:13

ratio of 1.06 hints that Eu should be larger. The wind speeds

during unstable conditions were always too low for the I1 method

to integrate over the entire normalized cospectrum making 13:I1

>1 at all speeds and the overall average 1.04.
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At all wind speeds the I1 method includes the entire stable

cospectrum, figure 17B, and accordingly the 13:11 ratio shows no

systematic trend with wind speed and its variability attests to

the existence of random low frequency contributions to the

sensible heat flux which are smoothed by the I3 method. It is

suspected that more runs at the lower speeds would give an

average ratio of 1.0, the same as above 15 ./s. Again there are

some very anomalous runs with large group mean contributions as

shown by the 12:13 band averages of 0.52 and 6.28. Without such

runs the 13 method again accounts for most of the average group

mean contribution. In view of the uncertainty in table V and in

figure 17B, caused by the lack of runs, a value of Es-1.04 is

acceptable.

Tables IV and V exhibit evidence of large random

contributions to the fluxes from the uncertain low frequencies

causing a great deal of scatter in the fluxes calculated from

the 11 and 12 methods. To avoid the resulting scatter, the 13

method will be adopted as the means of integrating the cospectra

of all the runs. The choices for #uv of Eu=1.06 and Es=1.005

and for Owt of Eu=1.10 and Es=1.04 have some uncertainty, but

they are reasonable compromises and do not appear to cause any

significant systematic errors or apparent trends. The integrals

will be denoted by <uw>FLUX and <wt>FLUX and the derived

parameters by u*PLUX, t*FLUX and so on.

A- I
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The Reynolds flux results are presented in figures 19 and

20 and compared with the dissipation method in Chapter 5. a

more complete view of the behavior of the fluxes is offered in

Chapter 6 by the more extensive dissipation data set. For the

present the measured wind, UZ, temperatures, TZ and TSFC,

<uw>FLUX, <wt>FLUX and Z/L(AT) have been put into equations 2.4I

and 2.8 to give the roughness lengths, Zo and Zot, and into 2.11

and 2.10 to give a wind speed, UI0 an air temperature, TIO, and

a drag coefficient, CIO, at 10 meters. A neutral drag

coefficient, CDN, is derived from Zo with equation 2.12. The

plot of CDN vs. U10, figure. 19, looks identical to the BIO tower

results in Smith, 1979, from which a regression of 120 near

neutral CIO values on U10, gives 0.44 + 0.063 U10 = 103C10 as

compared to 0.46 + 0.069 UI10 = 103CDN from figure 19. Since

there is nearly an equal partition between stable (triangles)

and unstable (crosses) runs in figure 19, a regression of C10 on

010, 0.43 + .069 UI0 = 103CI0, is not very different. The

higher coefficients at the higher wind speeds are commonly

observed, but overall these values are distinctly smaller than

those at similar wind speeds in Garratt's, 1977, review. In

figure 19 the stable (triangles) and unstable (pluses) data do

not separate into distinguishing patterns. Throughout the small

stability range found over the sea, average stability effects

appear to be small.

In figure 20 <wt>FLUX is plotted against U10(TSEA-TIO) for

the 52 temperature runs with I&TI > 0.50C, so that a line from

any point to the origin has a slope equal to CT1O, equation

2.10. The solid line represents the parameterization of Friehe
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and Schmitt, 1976, which fits quite well for -10 <010 AT<

250Cm/s. The data do not support an increase in CT1O above this

range, which Priehe and Schmitt suggest on the basis of Smith

and Banke's, 1975, measurements on the beach at Sable Island.

The BIO tower results (Smith, 1979) span I<U> ATI< 150 0Cm/s and

indicate slightly higher CT1O values than do either Priehe and

Schmitt or figure 20, in both the unstable and stable cases.

Smith (1979) finds 103<wt>= 3.2+ 1.10 010 AT, for AT>0 and -0.1+

0.83 010 AT, for AT <0, from regressions of <wt> on U10 AT. ill

three studies show the stable coefficient to be smaller than

CT1O in unstable stratification. There is not a great deal of

scatter in figure 20, except from two runs (plotted as squares),

during which very warm air moved over a cold sea. Such

conditions greatly influence the average sensible heat flux and

are discussed in section 6.3, when the corresponding dissipation

data is presented. Near neutral runs (IZ/LI <0.05), plotted as

crosses, are much the same as the more stable (triangles), but

the more unstable (pluses, Z/L 0.05 to 0.25 and diamonds, 0.25

<Z/L) seem to give smaller CT1Os, however there are far too few

data to be conclusive as there are wind speed, fetch and other

effects to consider.
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CHAPTER 5 INTERCOMPARISON U TlE REYNOLDS

= M SSI P&TZO M j

5.1 introduction

The Bedford tower experiment provides an excellent

opportunity to establish, by comparison with both the Reynolds

flux and BIO results, a dissipation method that is valid over a

wide range of open sea conditions. The dissipation system

recorded data during 192 Reynolds flux momentum runs and all 60

temperature runs and the results are tabulated with those of

their corresponding flux runs in the Appendix. The stability,

Z/L(AT), and E give a u*DISS a (<uw>DISS)1f from each of the

four methods of manipulating the turbulent kinetic energy

equation and velocity profile, equations 2.28. Similarly

<wt>DISS is obtained both by including and excluding the

stability effect on the temperature profile, equations 2.32.

The "best" momentum and sensible heat flux dissipation methods

are to be determined by comparison with u*FLUX and <wt>FLUX from

the direct eddy correlation measurements. However, the

dissipation and Reynolds flux systems are not entirely

independent, because they share the same sensors. In order to

complete the intercosparison of the methods, u*DISS is also

checked with eddy correlation measurements cf u* from the B1O

system.
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It is essential to the intercomparison that the runs be as

nearly simultaneous as possible. The dissipation runs are

chosen to begin between 0 and 4 minutes before the start of the

flux run and in most cases the starts are within 2 minutes.

They last for 56 minutes if the flux run consists of four, 13.5

minute, consecutive groups and for 44 minutes in the few cases

that only three groups comprise the run. These times become the

averaging periods, < >. The dissipation, E, is taken as the

average of the three individual values obtained by substituting

the average power, <P>, from each Gill-u band-pass filter, into

equation 3.7. The separate values never differ from their

average by more than 15% and a difference of more than 10% is

found in only 10 runs. Vith both (tu(fc) fc13) and u* 2

proportional to e2/3 (equation 2.23), their average values differ

from those derived from a single band-pass filter by less than

10% and usually by less than 7%. The deviation in (fu(fc) fc1s3)

is probably due to the spectrumes fluctuations about a -5/3 line

and the average E should be a good measure of the molecular

dissipation. Values of the dissipation of temperature

fluctuations are calculated from equation 3.6 using only filters

that lie entirely in the -5/3 region of #t(f). Thus, Nt is

often an average of only I or 2 separate estimates and therefore

may not be as reliable as E. In order Zor the calculated

(#t(fc) fcsO) values to agree with individual band-pass filters

to within 10%, the average, Nt, must not differ from each

individual estimate by more than 10% (equation 2.23). Equation

2.33 shows that 10% deviations in both ft(f) and fu(f) will

produce a 10% deviation in the calculated <wt>.

j |j
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5.2 The momentum Flux

At neutral stability all four momentum flux methods are

equivalent and in non-neutral conditions methods 2, 3 and 4

simply adjust the neutral approximation, method 1, by a function

of Z/L, figure 1. u*DISS1, equation 2.24, is the simplest

calculation and it is plotted against u*FLUX in figure 21.

There is generally good agreement between the two calculations

from the 192 simultaneous runs, for which Z/L is usually between

-0.45 and 0.20. a 20% deviation in the u* estimations from a

1:1 relationship is indicated by the dashed lines, which satisfy

the equation

Ix-Yl / [(x~y)/2] - 0.2 , (5.1)

with x-u*FLUX and y-u*DISS. In view of the errors in k

methods, deviations of this magnitude are expected. Points at

the higher u values rarely fall outside the dashed lines. It

appears, therefore, that the neutral dissipation method provides

a very good estimate of momentum fluxes greater than about

u*2-O.16 (m/s) 1 , which occur at wind speeds above about 11 i/s.

The smaller fluxes span a greater stability range and the

cluster of paints lying above the upper dashed line, with u*<O.4

s/s. come from the most stable runs. Apparently, the

assumptions of dissipation method 1, cause a systematic error in

stable conditions, which tends to make u*DISS1 significantly

greeter than u*FLUZ.
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Bethod 1 should be valid over a range of "near neutral"

stabilities where the buoyancy and two vertical divergence terms

of the turbulent kinetic energy equation and the effects of Z/L

on the velocity profile are either small or tend to cancel one

another. The extent of such a regime is investigated by

grouping the simultaneous runs according to Z/L W) and seeing

over what range u*DISS1 and u*FLUX agree on average. On the

stable side it is observed to extend to Z/L-0.05 as shown by

figure 22A. The solid triangles, representing the runs with

0.00 <Z/L< 0.05, are still showing reasonable agreement. For

Z/L>0.10 every run gives u*DISS1 greater, often by more than

20%, than u*PLUX and a stability correction that reduces u*DISS

is necessary. On the unstable side, figure 22B shows that down

to Z/L -- 0.10 use of the neutral equation is acceptable. The

agreement is evident in the runs with -0.1 <Z/L< -0.05 (solid

triangles). Runs in the -0.3 <Z/L< -0.1 range are not included

because u*DISS1 tends to be smaller than u*FLUX by an average of

about 10%. However, in more unstable conditions the two

calculations again tend to agree. I combination of figures 221

and 22B shows that in a "near neutral" regime, -0.1 <Z/L< 0.05,

u*D!SS1 gives a very good estimate of the momentum flux without

an explicit knowledge of the stability. Extension of the

unstable limit down to at least Z/L--0.4, introduces very little

error. This is a useful result, because open ocean conditions

are often within this range and because an accurate Z/L is not

always available. It is only in rather stable, Z/L>0.0S, and

perhaps in very unstable stratification, that the neutral

approximations cause appreciable errors.

17- _ _ -- ____
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Portunately, estimates of Z/L(.T are available for all the

simultaneous runs. Under stable conditions the buoyancy tern of

the turbulent kinetic energy equation (2.19) is a sink, so there

is actually more production than is lost through dissipation

alone and the larger production gives larger u* estimates.

Inother effect of stable stratification is to reduce the amount

of flux associated with a given velocity prcfile, so the u

estimates become smaller. Bethod 4 (equation 2.27) incorporates

the buoyancy tern and method 3 (2.26) the effect on the profile,

while method 2 (2.25) does both, with the profile effect

dominating. Thus, in stable conditions, u*DISS4> u*DISSI>

u*DISS2> u*DISS3, as is clearly shown by figure 1. It is

observed that in the stable runs u*DISS1 tends to be greater

than u*FLUX, so only methods 3 and 2 can provide the proper

adjustment. The ue estimates from both these methods are

plotted against u*FLUX for all 88 stable runs in figure 23.

Both dissipation methods appear to give equally good agreement,

establishing that the local production nearly eguals

dissipation, on average, with both the divergence and buoyancy

terms of equation 2. 19 being small. However, method 2 is

preferred because it does account for buoyancy, its adjustment

is smaller and its assumption, that the two divergence terns

balance, is supported by HcBean and Elliot's, 1975,

observat ions.

'7

•4 S ; ." ' .' . .
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During unstable conditions the roles of buoyancy and the

stability modified profile, on the dissipation estimates are

reversed, with u*DISS3> u*DISSI> u*DISS4. Pigure 1 shows that

in method 2 the effect on the profile still dominates down to

Z/L--0.1, when .the buoyancy finally becomes an important source

of turbulent kinetic energy. At about Z/L=-0.4, u*DISS2 becomes

less than u*DISS1. Throughout the unstable range of the runs,

u*DISS2 differs from u*DISS1 by less than 10% and qualitatively

it is the only method that provides the appropriate stability

refinements. Method 3 clearly gives far too large a u* in the

more unstable cases. The u* estimates from methods 4 and 2 are

plotted against u*FLUZ for the 104 simultaneous unstable runs in

figure 24. The agreement of method 2 is excellent and the

scatter is very evenly distributed about the 1:1 line. This

result indicates that the divergence terms also tend to cancel

in unstable conditions as suggested by McBean and Elliot's

findings. Because u*DISS1 also gives a reasonable estimate

throughout -0.4 <Z/L< 0.05, the effect of stability on the

profile must nearly balance the buoyant production. Pond

f&1 J., 1971, calculated u* up to 0.3 n/s using method 4, which

is seen to be acceptable, but not applicable to higher u*values.
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Whenever Z/L is available it is evident that, over the

stability range of the intercomparison, method 2 gives the

"best" estimates of u*, henceforth u*DISS and <uv>DISS will be

calculated using this method. Figure 25 is a plot of u*DISS vs

u*PLUZ from the 192 simultaneous runs and a comparison with

figure 21 illustrates the overall effect of the stability

correction. In the region 0.15 <u*FLUX< O.4m/s, the reduction

of u*DISS from the most stable runs greatly improves the

agreement, but u*DISS still tends to be greater than u*FLUX. As

a consequence, the average of regressions of u*DISS and u*FLUX,

u*DISS = 0.96 u*FLUX + 0.025 n/s,

has a positive offset and the overall average u*DiSS:u*LUZ

ratio, 1.03 (standard deviation 0.10), is greater than 1.00.

The two techniques differ by at most 28% and usually by less

than 20% in u*, which is about the amount of scatter expected.

A 20% error in <uw>DISS and a non-compensating 20% error in

<uw>FLUX give a 20% deviation in u* estimates. It is doubtful

that the u* agreement would be so good if a major systematic

error had arisen from the propeller response correction because

it is of fundamental importance to u*DISS, but only secondary to

u*ILGI. Conversely, the non-cosine behavior of the Gill

propellers is a potential source of substantial error in

Reynolds flux measurements, but not to the dissipation

estimates, thus the good agreement indicates that it too is

being treated properly. Similarly, it appears as if the low

frequency covariances are being handled satisfactorily.

&4
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i <uw>DISS
I <uv>FLUX

,I I
Wind speed i Numberi I Standard II
range (s/s) I of 1I Bean I deviation Iininuml Haxiam

I pointsli I I l
I II i I

6 - 8 I 27 I 1.10 i 0.14 i 0.82 I 1.42
II II I I II

I I| i I
8 - 10 I 25 II 1.02 I 0.21 I 0.68 i 1.549
II It I I II
1I Ii I I

10 - 12 3 54 II 1.14 I 0.23 I 0.68 I 1.58
II II I I I

SIf I I
12 - 14 I 32 II 1.05 I 0.16 0.79 i 1.34
II II I I I

I II I I
14 - 16 I 18 II 0.97 I 0.13 I 0.76 i 1.23 1
II II I I II

I I| I I
16 - 18 I 17 II 1.00 I 0.09 I 0.79 i 1.10 1
II Ii I I II
1I II I I

18 - 20 I 9 II 1.01 I 0.14 I 0.83 I 1.36
II II I I II

- 1II I
overall I 182 II 1.05 I 0.17 I 0.68 I 1.48 1
4-20 I II I I I

TABLE VI Ratio of dissipation to Reynolds flux estimates of
the momentum flux band averaged over 2 n/s wind
speed intervals.

The momentum flux and drag coefficient are proportional to

<uv>, so trends in the <uv>DISS:<uv>nLUX ratio are investigated

by averaging the ratio over wind speed and stability bands in

tables VI and VII, respectively. In order that the band means

are not unduly weighted by individual runs with atypical ratios,

only those runs whose ratios fall within *2 standard deviations

about a complete band average are used to calculate the means,

standard deviations and ranges in tables VI and VII. In table

VI, the overall average of 1.05 and standard deviation, or of

0.17, are quite acceptable. a cr of 17% is comparable to the

p.
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I <uw>FLUX
, I I

Stability I Humberli I Standard I I
range Z/L I of II Mean I deviation I Minimuml Eaximumi

I pointslI I I IIII - II I I
-. 45 -. 30 1 9 II 1.08 I 0.23 I 0.77 I 1.48II II I I II
II IIII

-. 30 -. 15 I 15 II 0.97 I 0.14 I 0.72 1.31-II II I I I

-. 15 0 I 74 II 1.04 I 0.17 | 0.68 i 1.36I II I I II
II If---------I I
0 0.05 I 59 II 1.06 I 0.17 I 0.76 i 1.40II I I I c. I II

0.05 0.10 I 18 II 1.16 I 0.17 I 0.92 i 1.53
II II I I I

I -I' h I
0.10 0.20 I 6 II 1.34 I 0.33 I 0.87 I 1.65
II II I I I

I ____________I ____________I,

TABLE VII Ratio of dissipation to Reynolds flux estimates of
the momentum flux band averaged over stability
ranges.

expected error in each method and the mean is less than /3

greater than the desired overall average of 1.00, despite the

large ratios that occur during lower winds when stability has

its greatest range. Otherwise there is no systematic trend with

wind speed, although the range of the ratio seems to decrease

with increasing speed. At the higher wind speeds where

stability should always be near neutral the band means are about

1.00. Therefore, it seems likely that any wind speed dependency

of the drag coefficient observed in dissipation results would

also be found in corresponding eddy correlation measurements.

Table VII shows that, as expected, the stable runs produce the

largest average ratios. Figure 1 shows that switching to

dissipation method 3 would not greatly alter this result (4% in

I.-

.. ... .... .. .. .... . . I_ _. ..._l e_... .. . . . . . .... ... . . .. .. .. . .. _Iiii . .. .. . ...._ _. .. ... . .. ., .... ,i__ _ ..
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the 0.10 <Z/L< 0.20 band). It is possible that the higher

ratios are caused by underestimating <uv>PLUX with the 13

method. As Z/L increases, the proportion of covariance at high

frequencies and, hence, the amount lost through incomplete

sensor response corrections also increases, but the effect

should not exceed 5%. It has been shown in section 4.5, that,

on average, Es-1.005 treats the low frequency covariance

adequately, but the four runs that give such a large average to

the most stable band of table VII occurred nearly sequentially

(runs T174, T175, T176 and T178), so the band does not

neccessarily reflect average conditions. Since there are no

fluctuating temperature data from these runs, Z/L(AT) could be

underestimating Z/L and causing overestimates of u*DISS.

In order to complete the intercomparison of methods it is

important to show that the observed agreement of figure 25 does

not depend on using the same sensors. Dr. S.D. Smith of the

Bedford Institute of Oceanography has kindly allowed some of his

eddy correlation measurements of u*, u*BIO, from the tower

(Smith, 1979) to be compared to simultaneous dissipation

measurements. The runs overlap as do the Reynolds flux runs and

are typically about 44 minutes in duration. he BIO mark 6.4

thrust anemometer operated from October 7 to December 8, 1976.

In figure 26, u*DISS is plotted against u*BIO for all 20

simultaneous runs from this period. On average, the agreement

is excellent and the scatter is no larger than expected

considering the addition of calibration errors and the

separation of the anemometers by about 2 a. A direct comparison

of u*FLUX and u*BIO values is not possible, because simultaneous

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _- ,
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measurements are rare, however the dissipation intercompazison

gives a favourable indirect one. These conclusions ought to be

qualified by noting that there are disagreements with the mean

winds from later BIO data which are still to be resolved. The

u* comparison of these data shows u*DISS to be greater than

u*BI0 (often by more than 20%) in 28 of 30 runs.

5.3 The Sensibl Heat ZFlux

The sensible heat flux is estimated using the two

dissipation methods for the 60 simultaneous temperature runs and

these are compared to <wt>?LUI in figure 27. The dashed lines

satisfy 5.1 with x=<wt>FLUX and y-<wt>DISS, indicating a 20%

deviation of the actual fluxes from the solid 1:1 line.

<vt>DISS, the neutral approximation, is clearly, on average,

more negative than <wt>PLUX (figure 271). Method 2 applies a

rather large correction for the influence of stability on the

temperature profile, but figure 2 shows the adjustment to be in

the proper sense in both stable and unstable conditions. A

regression of <wt>DISS2 against <vt>FLUx (figure 273) gives

<vt>DISS2 - 1.04 <wt>FLUZ,

with a correlation coefficient of 0.99. The agreement is

remarkably good considering the errors in k methods and the

sensitivity of <wt>DISS2 to the rather uncertain Z/L(AT). These

results suggest that the turbulent transport term in the
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temperature variance budget is itself small and that it cannot

compensate for changes in the local production of temperature

variance due to stability. In the range -0.03 <Z/L< 0.05 the

correction to <wt>DISS1 is less than 10% and, if necessary,

method I could be used to estimate the sensible heat flux

without an an explicit Z/L. However, method 2 gives the tetter

estimate and will always be used to calculate <wt>DISS. The two

points in the fourth quadrants of figures 27k and 27B illustrate

an inherent difficulty in finding small fluxes with the

dissipation method. <wt>DISS is calculated frcs eguation 2.32

and the sign of the square root is chosen so as to force <wt> to

have the sane sign as AT - TSFC-TZ. However, it is commonly

observed in eddy correlation measurements that <vt> is between 0

and +0.05 oC/s when AT is slightly negative. There have been

very few measurements of large sensible heat fluxes over the

sea, but the excellent agreement in figure 27B, when the

magnitude of the flux is large, strongly suggests that this

measurement may be done using the dissipation method.

The low and high frequency temperature fluctuations affect

the sensible heat flux calculations in the same manner as the

velocity variations affect the momentum flux. Similar arguments

regarding non-cosine behavior, sensor response and low freguency

covariance lead to the conclusion that the temperature elements

of both the Reynolds flux and dissipation systems must be

performing properly in order to achieve the observed agreement.

Vith no large systematic errors in evidence, <wt>DISS and

<wt>PLUX should both be giving representative estimates of the

sensible heat flux.
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As previously noted many temperature runs have not been

processed because of suspected salt contamination of the

microbead. In a few of these cases the temperature band-pass

filters unexpectedly display a -5/3 drop to within 10%. The

band-pass filter check is, therefore, a necessary, but

insufficient test for this behavior. This is unfortunate

because it restricts dissipation temperature measurements to

periods when the temperature spectrum can be obtained from the

Reynolds flux system. I possible means of overcoming this

problem would be to average the output of another band-pass

filter centered at about n=0.02 for comparison with the outputs

of the filters in the -5/3 range. It is also interesting to

note that <wt>DISS and <wt>FLUX are in good agreement in some

unstable contaminated runs, albeit both seem to be somewhat

high.

It is expected that the largest dissipation errors are in

the constants and the assumptions. The fact that there are no

major persistent errors, suggests that the combined errors in

the constants is not very large. This is supported by equations

2.29 and 2.33 which show <wt>DISS to be proportional to

X KZ ) 1/3 (Bt1) -1 u*DISS

If, for example, the Kolmogoroff constant, Btf, was greatly in

error, u*DISS would be expected to be more accurate than

<wt>DISS and hence, in better agreement with Reyn. is flux

calculations. The results, figures 25 and 27B, do no- support

this. Similarly, K and Z appear to be reasonable. Of ccurse
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there could be major offsetting errors, or the constants may be

highly variable, but it seems sore likely that it is the

assumptions which are the most uncertain aspect of the

dissipation method. It is also probable that much of -the

scatter in the u* and <it> intercomparisons originates with the

Reynolds flux values.

On average, the Reynolds flux and dissipation methods give

nearly the same momentum and sensible heat fluxes. In addition,

both the dissipation and Reynolds flux systems appear to be

functioning as expected. With the possible exception of u* from

the most stable cases (Z/L> .05), the estimates of <uw> and

<it>, by both techniques, should be reliable and free of major

systematic errors. It is, therefore, possible to have

confidence in the dissipation system when it is operating on a

ship vhere the Reynolds flux method is not practicable.

I.i
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CHAPTER 6 DISSIPATION MEASUREMENTS FROM THEE

STABLE TOI_ AND CCGS QUADR

6.1 Introduction

The dissipation system has provided a great deal more data

from the Bedford tower than the Reynolds flux system, because it

continuously records and has proved to be more reliable. In

addition, a considerable amount of dissipation data has been

collected at "PAPA". In total 1086 hours of momentum flux

measurements from the tower and 505 hours from the weathership

are found to satisfy a variety of criteria for data reliability.

Only 237 hours of tower data and 23 hours from CCGS Quadra are

found to be suitable for sensible heat flux calculations. There

are several long periods of continuous recording which make it

possible to investigate the time histories of the fluxes, winds

and temperatures.

Only data from the horizontal, Gill-u, propeller are used

to find the dissipation, E, and hence momentum flux. Because of

the greater uncertainty, it is not worthwhile including the

moderate wind speed measurements from the tilted, Gill-w,

propeller that are available from the few periods when the

horizontal propeller failed. The tower analysis is limited to

wind speeds greater than 4.0 a/s. At lower winds the Gill-a

propeller is st11 in its linear regime, but the sensor response

corrections become very large and it is not impossible for the

thickness of the "constant flux" layer to fall below the

anemometer height. On CCGS Quadra the measurement height is
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nearly twice as high, so the limit is set at 8.0 u/s. A further

restriction requires the stability to be in the range -0.6 <Z/L<

0.15. It Z/L=0.15 dissipation momentum flux calculations

require a correction for stability of about 25% (figure 1).

This adjustment is supported mainly by the Reynolds flux

intercomparison, where Z/L is greater than 0.15 for only three

runs, and also by AcBean and Elliott's, 1975, measurements, that

include only three stable runs with the highest at Z/L-0.12. it

is, therefore, dangerous to extrapolate these findings beyond

Z/L=0.15, where the correction becomes even larger. On the

unstable side there are 21 runs in the McBean and Elliot study

and 104 runs in the section 5.2 intercompariscn, with the most

unstable at Z/L=-0.3 and -0.45, respectively. At Z/L-0.6 the

stability adjustment is still less than 10% so it should be all

right to extend dissipation method 2 at least this far. This

criterion effectively sets the outer limits of sensible heat

flux calculations, because they require E from Gill-u. The

stability corrections to <vt>DISS are 1.8 at Z/L=-0.6 and 0.75

at Z/L=0.15 (figure 2) and although these are substantial, they

are strongly supported by the work of Wyngaard and Cot6, 1971,

which consists of runs from Z/L=-1.1 to Z/L0.5, and the

intercomparison of section 5.3. Temperature data are also

rejected if there is any evidence of salt contamination of the

microbead or if the rod and bead thermistors do not agree, on

average, to within ±O.10 C.

&i
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In processing a dissipation momentum [temperature] run from

either the ship or tower, 20 minute averages of all Gill-u

[temperature microbead] band-pass filters in the -5/3 range of

tu(f) [Ot(f) ] are used to find independent values of the

dissipation of turbulent kinetic energy [temperature

fluctuations] from equation 3.7 [3.6]. These individual values

are averaged together to give the F [Nt] necessary for the

calculation of the momentum flux (sensible heat flux] from

equation 2.28 (2.32]. However, if any separate band-pass value

differs from E [Nt] by more than 15% [10%] the run is rejected.

This criterion ensures that the spectral values at the

frequencies used fall within 10% of the average -5/3 slope of

the input spectrum and that fluxes calculated from individual

filters are within 10% of the value found from the average. The

20 minute averages could be used to produce time series of the

fluxes and related parameters, but in practice hourly averages

are employed because it is felt the longer averaging time

increases the reliability of the dissipation method. In order

to obtain the hourly averages, three sequential 20 minute flux

estimates are averaged and then used to calculate the related

parameters. Hereafter, these hourly averages from the

dissipation system will not be specifically denoted, but

referred to simply as <uw>, <wt>, u* t*, CD, CT and so on. For

dynamic flur calculations the air density e is found from

equation 2.35, using the atmospheric pressure from the

meteorological observations from Shearwater and CCGS Quadra.
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B: CCGS OUPORA
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A: BEDFORD TOWER

CJ

2 6 10 14 18 22 26
UlO (MIS)

TIGUIZ 28 The neutral drag coefficient as a function of wind
speed from:

1: 1086 hourly averages from the Bedford tower.
B: 505 hourly averages from the CCGS Quadra.
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6.2 Bulk Aerodynamic Parameterization Of The Momentum Flux

Hourly averages of u* and UZ and Z/L are used to calculate

U10 from equation 2. 11 and the neutral drag coefficient, CDN,

from 2.8 and 2.12. These are plotted separately for the tower

and ship data in figure 28. There are very few extreme values

and most points are obscured by the concentration about a mean

CDN value. Between U10 =4 to 11 m/s the scatter is uniform with

only a few values of 103CDN outside the range 0.65 to 1.5. At

higher wind speeds a tendency for higher values develops and

there appears to be less scatter. Above U10=20 u/s there are

few points, so these data may not fully reflect average

conditions. Fortunately, in the region 8 <U10< 18 u/s, there is

a very good overlap of tower and ship results which allows the

two situations to be compared.

In figure 29, CDN is averaged over 2 m/s intervals of UIO,

provided there are at least 10 runs in a band, and the means

plotted with vertical bars extending up and down 1 standard

deviation. For clarity, tower results (triangles) are just to

the left of band center and the ship points (pluses) to the

right. Over the range 8.5 <U10< 20.5 u/s, the band averaged

CDN's from one platform are seen to differ by less than one

standard deviation (but usually less than 1/2 a) from the other

platform's mean. No systematic errors, such as in the choice of

Z, appear to have been introduced in moving the dissipation

system from the tower to CCGS Quadra. The drag coefficient

agreement also establishes that the tower site is, in fact,

representative of open sea conditions, at least up to 20 u/s
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winds. This allows the tower and ship results to be combined

into a single data set of nearly 1600 hours from about 16 months

of operation between September 1976 and April 1978.

!t.bEffects

The tower data of figure 28A include some runs from limited

fetches, whose inclusion in the overall data set must be

justified. Up to about 10 n/s, CDN from the tower does not vary

appreciably with wind speed, therefore data in this range are

used to investigate the influence of fetch on the drag

coefficient. The results are shown in table VIII, where the

neutral drag coefficient, CDN, from measurements about 13a above

i Number i Mean 103CDN i i i Azimuthal;
Fetch I of *1 standard 103CDN I 103CDN range
(kn) I hours deviation Kin I Max (0 True)

II I I I II
I ' I I I I

10 - 20 I 200 I 1.14 *.18 1 0.75 I 2.03 I 253 - 3931
II I I I II

20 - 100 I 54 I 1.10 *.22 j 0.73 I 1.87 I 246 - 2531
1 I I I I 33- 651

* I I
100 - 200 I 85 I 1.13 *.24 I 0.64 I 1.76 I 235 - 2461
II I I I I

; ! I I I
Unlimited I 263 I 1.13 *.22 I 0.62 i 1.75 I 67 - 2351

tower I I I I I
I I I-} ' I

Unlimited I 291 I 1.14 +.21 I 0.62 I 1.75 I
ItowershipI I I I II I I ! t

I Tower I 590 l1.13 *.21 I 0.62 I 2.03 I 0 -3601
jall fetchesI

TABLE VIII Variation of the neutral drag coefficient with
fetch for winds between 4 and 10 n/s.

.,.. I
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the sea, does not exhibit any dependency on fetches greater than

10 km and, in view of the overall scatter, the means are very

consistent. This conclusion depends on using CDI, since the

mean CIO from the 10-20 km fetch range is 17% larger than fro

the unlimited fetch runs, presunably because the offshore winds

tended to be more unstable. The indication is, that for winds

below 10 m/s, fetch effects are not important if the aspect

ratio, Z/fetch, is at least as small as 10-3. There is also an

indirect implication that the surface roughness, Zo, does not

depend-strongly on surface wave parameters that are not fully

developed by 10 km during 10 n/s winds. The data compiled by

Viegel (1964, p 216), for fetch limited waves, show the

significant wave height and the phase speed from a 1000 km fetch

(fetch g/<U>291O}) to be, respectively, 10 and 5 times greater

than expected with a 10 km fetch. The necessity of extracting

the wind speed dependency from CDN complicates extending the

investigation above 1in/s, but as the aspect ratio stays the

same, there should not be a sudden fetch dependency. Tower data

from all fetches are, therefore, grouped together in all

subsequent analyses. The better statistics resulting from the

additional data should more than compensate for any small fetch

effects.
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Stability gf fect.s

Equation 2.12 defines CDN as a function only of Zo and 2.8

implies CIO>CDN for Z/L<0, C1O<CDN for Z/L>0 and CIO=CDV at

neutral stability. Table IX indicates that CDN and hence Zo are

independent of Z/L in the unstable case. kt Z/L<-0.3, CIO

values are clearly higher than the average, but reduction to

neutral stability gives no systematic trend to the mean unstable

CDI's, which are reasonably consistent in view of the scatter.

Extraneous effects seem to influence the stable runs to a much

greater degree. Vhen reduced to neutral, the average stable

CD. • 1000 i C IO • 1000
I II I

Z/L(AT) 5I|uberji S fax I I Sax I
range I of II mean +1o- I in I ean *10 I min I

Ihours II I I I I
+ Ii 2I

-.60 -.45 I 25 I 1.06 1.12 i 0.80 I 1.22 t.14 I 0.91 I
I II I 1.31 I I 1.5241- 1 II Ii-

-.45 -.30 I 35 I 1.12 t.19 I 0.77 I 1.26 +.22 I 0.86 I
I I I 1.73 I 1 1.98 1

-i II I "i
-.30 -. 15 I 77 I 0.98 t.16 I 0.67 I 1.07 t.18 I 0.70 I

I I I5 1.38 I 1 1.54 i
II 11 ' II Li

-.15 0 5 166 I 1.09 t.20 I 0.68 I 1.12 *.21 I 0.68 I
I I I 1.74 1I i 1.83 I
I I-11, '1 ' Li

0 ..05 I 104 I 1.19 *.18 I 0.62 I 1.16 t.18 I 0.60
I It I 1.85 I I 1.81
I 1- 1 I- II I LI

+.05 4.10 I 122 I 1.21 t.19 I 0.64 II 1.13 t.17 I 0.60
I II I 1.79 II I 1.64

II I; -I I ', Ii

4.10 +.15 I 61 I 1.23 t.28 I 0.75 II 1.11 t.24 I 0.68
I I I 5 2.03 II I 1.80

TIBLE I! The stability dependency of the drag coefficients
from the 4 < UlO < 10 a/s data of table 111I.
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CDI's are larger than the overall mean and they seen to in g

with stability. However, the large drag coefficients

responsible for this feature are found to be associated with

rapid changes in wind direction following a stor. Such a

sequence of events may possibly influence parameters important

to Zo and merely coincide vith stable stratification. A tine

series shoving the development of these high, low wind speed,

stable drag coefficients is presented later (figure 31). The

data suggest that the stability dependence of the drag

coefficient is well described by similarity theory with Zo

independent of Z/L and that sea surface conditions are the

source of the trend in CDN with Z/L found in table II.

jj" Spee Dependency

in figure 30 the 1591 neutral coefficients from all the

data are band averaged over 2 m/s intervals and plotted at the

010 mean (vertical bars show * 1 o). The mean CIO values are

similar, because of the almost equal numbers of stable and

unstable runs. A smooth curve (concave up) with CDE increasing

with U1O could be made to fit these points. However, below

about lOi/s, the slight increase of the average CDN's should be

adequately described by a constant. The higher wind speed

points show a more rapid rise of CDN with 910, that is

approximately linear from 10 to 26 i/S. In order to quantify

this behavior, all 618 hourly CDN values with U10<10 i/s are

averaged and all '973 with U10>10 n/s are regressed against 010

(correlation coefficient 0.74). AUl the band averages are very

well described by the resulting solid line of figure 30:

Ii
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FIGURE 30 The neutral drag coefficient averaged over wind
speed bands. Vertical bars indicate * 1 o" and the
number of points in band Is shown below each
average. Lines show the Chatnock representation
with -c= 0.014, K= O.41 (dashed) and equations 6.1
(solid).
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103 CDR = 103 CIO - 1.14 4 < UIO < 10 u/s

(6.1)

10' CDI - 0.49 + .065 310 10 < 010 < 27 a/s

10' C10 - 0.46 + .068 110 ,

where the CIO results are included for comsariscn. The exact

numerical values of 6.1 depend slightly on the somewhat

arbitrary choice of a lover wind speed limit for the regression.

Conveniently, with the choice of 10 a/s, the line segments

happen to match. The behavior of CDI described by 6.1 is

distinctly different from the dashed curve of figure 30, which

is the Charnock representation with *= 0.0144, K- 0.41 (or

-<=0.016, K- 0.4), as suggested by Garratt (1977). Equations

6.1 fit Smith's (1979) eddy correlation data from the Bedford

tower site extremely w.ell. Por winds below 10 */s, his average

103CDN is 1.11 from 14 runs (1976-1978) and about 1.24 from 11

near neutral runs (1968-1969). a regression of all 120 runs

(1976-1978) between 6 and 22 a/s yields 0.44 + 0.063 010 a

10C1O. However, the Sable Island results of Smith and Banke

(1975) are significantly higher, suggesting that the Sable

Island site with its surf zone and perhaps other shallow water

locations: Lough Neagh at 8 to 15 meters (Sheppard 11 jj.,
1972), Lake Plevo at 4 meters (lieringa, 1974), the 10a Caspian

Sea location of Kitaigorodski gj al. (1973) and the Spanish

Banks site of Niyake j% al. (1970 A) and Weiler and Burling

(1967) , may not be representative of. the open ocean situation.

Unfortunately, almost all the measurements above 14 in/s (and

many at lower speeds), that were available to Garratt came from
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these shallow water locations. A number of open sea

measurements contributed to his 10 to 11 a/s band average, which

very nearly lies on 6.1. It also seems likely that excluding

the results of Sheppard et al. would give band averages in the 3

to 7 n/s .range that would be adequately described by 6. 1. In

the range 7 to 10 m/s, the band averages of Garratt generally

run about 20% (less than 1 o) higher than equations 6.1.

Open ocean measurements used by Garratt (1977) are in

better agreement. From the Argus Island tower, a site similar

to the Bedford tower, the overall average of 69, near neutral,

Reynolds flux CD's at 7.5m is 1.24xl0-3 for wind speeds from 4

to 10 m/s (De Leonibus, 1971). The corresponding value of CIO

is about 1.17x10- 3. Brocks and Krugermeyer (1970) present ClO's

from 152, near neutral, 15 minute profiles over the Baltic and

North Seas and the Equatorial Atlantic measurements (787, near

neutral, 10 minute profiles) of Hoeber (1969). Eguations 6.1

are within the scatter, but generally lower by 10 to 15%. The

overall average 103C10 from Hoeber (5 to 11 a/s) is 1.23±0.25

and his band averages agree very well with those of figure 30,

except between 5 and 6 u/s where an average of only 11 points is

1.48. With 2/3 of his profiles unstable, CDN may average a few

percent less. Averaging the Baltic and North Sea data (4 to 12

m/s) gives 103CI0 = 1.30+0. 18, but there is a slight trend with

wind speed. The Bass Strait site of Hicks (1972 A) ought to be

representative of the open sea, however his wind speeds are

reduced by u* to account for surface drift. If the eddy

correlation drag coefficients are reduced by about 7%, they then

conform to the CDN's of figure 28 and the 30 values between 3

.v j
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and 8 a/s then average 1.13zlO-3, however 6 runs frcs 8 to 10

a/s average about 1.L4x1O-3. Garratt also uses the 18 eddy

correlation runs (3 to 11 a/s) from Hasse (1970), quoting an

average of 103C10 = 1.21 *20%.

The two data sets used by Garratt that remain to be

discussed are open sea studies from R/V FLIP, however, they are

not independent. Because of flow distortion due to FLIP,

Paulson et &1. (1972) use an empirical correction factor chosen

so that their average <uw> (from profiles) and the average of

corresponding eddy correlation measurements from Pond

et al. (1971), are equal. The latter data (20 runs) give an

average CD at about 8 meters of 1.52xi0-3 in winds between 4 and

8 u/s and slightly unstable conditions. The equivalent average

CDU is expected to be about I.3x10-3 With a 20% variability.

Accordingly, Paulson el. find 10CDN = 1.32 for 19 runs.

It appears as if the major source of the disagreement

between the data of figure 28 and the data used by Garratt

(1977) is that the latter includes measurements from onshore and

shallow water (less than 15 meters) sites. Eguations 6.1 are

consistent with most of the deep water (more than 50 meters)

drag coefficients to within possible measurement error. The

discrepancies suggest a slightly higher drag coefficient at wind

speeds below 10 n/s. In contrast, recent measurements (10

hours) in Bass Strait (Antonia 21 el., 1978) in winds between 5

and 10 a/s and -0.1 <Z/L< 0 give an average 103CD at 5 meters of

1.05 and 1.25 (about 0.9 and 1.1 at 10 meters) from the Reynolds

flux and dissipation methods, respectively. Since a constant
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CDN is a good fit to most individual data sets, it is likely to

remain a good description of the overall open ocean situation

below about 10 m/s. The "best" constant to use is debatable,

but it should be in the range 1.1x10-3 to 1.3x1O- 3 . The average

103C10's (neutral or near neutral) from all the discussed open

ocean; eddy correlation, dissipation and profile measurements in

winds less than 10 to 12 m/s are about; 1.17 (178 runs), 1.14

(626 hours) and 1.24 (958 profiles, 188 hours), respectively.

The overall average is 1.20, but only 1.17 if the results from

Hoeber and from Brocks and Kruggermeyer are weighted by 1/6 and

1/4, respectively, to make them comparable to hourly values, At

the higher wind speeds, the vast majority of the open sea drag

coefficients come from Smith (1979) and figure 28, which are

both well described by 6. 1. It is an interesting feature of

6.1, that an extrapolation to 50 m/s fits the hurricane and wind

flume ,data compiled by Garratt (1977) as well as a continuation

of the Charnock line of figure 30.

The Variabilijt Of CDN And Zo

It may be possible to describe turbulence and the drag

coefficients with a variable Zo, although this is expected to be

difficult and there are no measurements of surface conditions

available. The wind speed dependence of CDN above 10m/s shows

that a constant Zo is not applicable. A Charnock representation

witho<=O.0123 (9=0.40), passes within 01 standard deviation of

all the band means of figure 30, but its Iredicted low wind

speed behavior is not observed. A Charnock line with o=0.008

fits the region from U1O = 11 to 17 i/s fairly well, but then

i ' I
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falls off much too quickly to account for the values up to 26

3/s. The CDI's to 50 rls in Garratt (1977), require o to be

about 0.016. CDN is very nearly a constant, 0.00114, for 4

<U10< 10 a/s, as is the average of CIO. This behavior may be a

consequence of highly variable sea surface conditions tending to

make Zo increase with decreasing wind speed and balancing, on

average, the tendency of lower u values to sake it smaller.

Above 10 u/s, the important parameters sees to change character,

so that Zo varies with wind speed, producing the observed near

linear rise in CDR with UI0. It may be possible to describe Zo

by a Charnock formulation with < an experimentally determined

function of various surface parameters.

To explore the influence of the sea surface on the

turbulence above it, it is useful to examine the time histories

of the winds and fluxes. Ar example, with hourly averages, is

run D33C, figure 31. The drag coefficient is seen to vary quite

smoothly with time, such that the random variability about a

running average over a few hours is only about 10%. The

increase with wind speed is evident from hour 6 to 21. In

addition, CDR is seen to behave very differently on the rising

wind than it does when the wind speed is dropping. The falling

wind is also accompanied by an almost complete reversal in

direction and it is this situation that gives rise to the high

drag coefficients at low wind speeds. The picture of lower than

average drag coefficients on the rising wind and higher ones on

the falling wind is also supported by runs D29D and D31P,

figures 32 and 33. Denman and Eiyake (1973) observed that drag

coefficients tended to increase on the leading side of a storm,
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FIGURE 31 Time series of the momentum flux from run D33C,
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then either remain constant or decrease slightly. This is also

a very apt description of the time series in figures 31, 32 and

33. The scaling arguments of section 2.1 predict that the

difference between the 10 and surface momentum flux should be

greater (giving lover coefficients), on the falling wind.

Ipparently the increase in Zo in this situation is more than

enough to overcome this loss. It is possible to speculate that

Zo depends on surface parameters that, as the wind speed falls,

remain near their "old" values produced by the previously higher

winds. If 'K were dependent on the total wave generating force

and hence U10-Cu (section 2.3), where Cv is the component of the

wave speed in the Ti direction, it would be very sensitive to

sudden changes in wind direction, because these would tend to

make Cw smaller and perhaps even negative. It appears likely

that some of the observed scatter in drag coefficients is due to

the influence of the past history of the wind as "remembered" by

the sea surface. With access to wave spectra, Denman and Miyake

(1973) concluded that the drag coefficient was dependent on the

nature of the wave field to the order of 20%.

In order to examine their influence on the average CDN,

tower data from various wind conditions are presented in table

X. Unfortunately, above 15 n/s there are too few data for

meaningful averages. Winds of "constant speed" and "constant

direction" are allowed to have 4 3/s and 30 degree ranges

respectively. Data used in the "after direction changes"

category are from the six hours following a change in direction

of at least a 60 degrees in less than two hours. Peak winds ar

included in the rising winds. The suggestion is, that either a
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WIND SPEED BANDS (MIS)

Wind i Regression I
conditions I and 1 4.5-71 7-9 1 9-11 1 11-151

(number of hours) I correlation I

All tower data 1.79 +.043 U101 1.11 1 1.13 1 1.17 J 1.33 1
(1086) I .59 1 (176)1 (264)1 (259) I (247)1

II I
1 I

Constant speed 1.71 +.049 U01 1.03 1 1.13 1.14 1 1.31 1
and direction I .60 (31) (68) (79) I (59)

(253) I I
II I I

Rising winds 1.64 +.054 U1I 1.01 1 1.11 1 1.14 I 1.25 1
(167) 1 .70 (22) (33) (31) ! (49)

IIII II

I Rising wind 1.60 +.055 U01 1.08 1 1.11 1 1.10 I 1.24 1
1 steady directionl .67 (3) 1 (15) 1 (18) I (29) 1

(81) I I
III II

Falling wind 1.94 +.036 0101 1.40 1 1.25 1 1.28 I 1.38
(111) I .51 (3) (12) (24) I (49)

IIII II
1I II I-

Falling wind 11.05+.025 0101 1.31 1 1.28 1 1.29 I 1.34 1
1 steady directionl .36 (2) (8) (18) I (29)

(80) I I

After direction I 1.18 1.34 I 1.60 1
changes I (22) (12) I (16)

(60) I I

TABLE X Mean 103CDN of wind speed bands im different wind
conditions. Bracketted values are the number of
hours contained in an average or regression of CDN
against 010.

direction change or a falling wind tends to Froduce higher than

average drag coefficients. Table X also indicates that if

observations were available only during rising winds with

constant direction, as may be the case in some data sets, the

average CDN value for 7 <UIO< 11 a/s, would be about 4% lower

than given by 6.1. The observations of CDN during rising winds

4k.
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show a systematic rise with wind speed and a regression of CDN

against U10 gives 103 CDI- 0.64+ 0.054 010 with a correlation

coefficient of 0.70. Thus, if only these data were available

one could easily conclude that the average drag coefficient

increases linearly with wind speed even below 10 s/s. Such a

trend may also emerge even if data with constant speed and

direction are included. Similar effects are expected at the

higher speeds too, so in order to arrive at a realistic mean

drag coefficient for all wind speeds it is imperative that

measurements be made during all likely wind conditions. It is,

therefore, possible that drag coefficient formulations may vary

with location and time of year, with the break from a constant

to a linearly increasing CDN being quite variable.

The tower data is also sorted into monthly groupings in

table XI. There is no trend in the September data and the

average CDN's are lower than those of the other months. There

is a reasonably significant trend in the October data throughout

the entire wind speed range. The high CDI's at low vinds are

evident in the December results, while Barch seems tc reflect

average conditions, table X. The results of experiments

conducted at different times of the year may, therefore, be

considerably different, possibly because wind conditions vary

throughout the year. It would be desirable to include data from

every month in any drag coefficient formulaticn. Unfortunately,

no measurements from may through August are available from

either the tower or the veathership, but the high wind speed

formulation should not be affected as these are not the months

with the greatest winds.

4i"
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WIND SPEED BANDS (H/S)
I II

Wind Regression I I I
conditions and 5-7 I 7-9 I 9-11 I 11-151

I(number of hours) correlation II I
I II I

September 1l.05+.001 U101 1.07 I 1.04 i 1.05 I 1.06
(241) .008 1 (94) I (79) I (47) I (21) 1

IIII I II

October 1.83 .047 U101 1.11 I 1.16 1 1.30 I 1.45
(131) .65 (28) 1 (25) I (28) I (34)

IIII I I1
I .II I I

I December 1.78 *.044 U10 1.22 I 1.14 I 1.14 I 1.33
(251) .62 (20) I (42) I (53) I (73)

IIII I I

March 1.77 +.044 U101 1.12 1 1.18 I 1.17 1 1.31 1
(271) .65 (24) 1(49) (96)1 (70)

IIII I I

I I A

TABLE XI Mean 103CDN of wind speed bands fcr different
months. Bracketted values are the number of hours
contained in an average or regression of CDN
against U10.

The Empirical Drag goefficient

The investigation of the tower data has shown that neither

stability nor fetch (greater than 10 kin) have a significant

effect on the average neutral drag coefficient. It has been

demonstrated that such of the variability in CDN measurements,

not only between individual data points, but between entire data

sets, may be due to the influence of the surface wave field.

However, it appears as if the measurement of the important

surface parameters could possibly be more complicated than

direct momentum flux measurements. An important parameter that

can be practically incorporated into a neutral drag coefficient

formulation is the wind speed.

'i i
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The empirical CDR formulation of 6.1 gives bulk estimates

of the womentum flux from the wind speed, UZ and stability,

Z/L(&T), following the procedure outlined in section 2.3. An

iterative technique is used to solve equation 2.15 for UI0. For

the first pass UI0= 0Z/ [1+ 0.1 K(ZZ/L) ] is assumed (CDNIIZ/ X

90.1), giving a CDN' from 6.1. On subsequent iterations (never

more than 3) U10' is found from 2.15 using the CDN cf the

previous pass until successive U10' values change by less than

1%. CDN' from the final pass is substituted into 2.14 to give a

CD, which gives the momentum flux through 2.9. Bulk estimates

are to be compared to direct estimates in later time series that

include data with -1.0 <Z/L< 0.3. The stability need not be

included in the UI0 calculation, because the maximum stability

of the ship data is only 0.08 and on the tower, where

stabilities are higher, the reduction is only frcu 13 to 10

meters, therefore, (section 2.3) the worst error is less than 2%

in U10 and about 1% in CD and <uw>. The error in Z/L(AT)

(section 4.1) introduces an error in CD of about 5%. A 2% error

in UZ becomes 4% in <uw>. The large standard deviations in

figure 30 and the range of previous measurements, suggest that

any CDR formulation has at least a 101 uncertainty. The

combined error in bulk estimates from equation 2.9 are,

therefore, greater than 15% as are the errors in direct

estimates. Although individual bulk estimates may differ from

direct dissipation or Reynolds flux measurements by 50% or more,

there should be reasonable agreement on average, albeit the

necessary averaging period may vary with time and place.
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Co.tari.son 21 Method

In all the time series presented, figures 31 to 34, the

momentum flux or Reynolds stress, (in 3/me or pascals, Pa) is

calculated from the dissipation method (pluses), from the

Reynolds flux method (squares) and from the bulk formula of 6.1

(solid line). Run D29D, figure 32, is a typical September

situation. During the unstable conditions of the rising wind

(to hour 22) the bulk formula gives a total momentum input of

2.23 N-hr/a, which is 34% higher than found from the

dissipation calculations. Upon reaching the peak winds the two

methods are in much better agreement and the deviation over the

whole run is reduced to 18%. k front is passing the tower in

D33C (figure 31) and a similar situation occurs, "but with the

rising and falling wind effects balancing, the overall deviation

is only 1%. In D29D the falling wind and changing direction

effects are not great enough to make the average stress from the

two methods equal. It would be expected that these influences

are strongly felt after the passage of low pressure systems,

because as centers pass the winds quickly fall, then regain

velocity as the direction changes after which they drop off

slowly. I low pressure center is passing to the est of the

tower, from south to north, in D31P, figure 33. Unfortunately

the earlier winds from the east were obstructed by other

instrumentation on the tower. Stability is always very nearly

neutral or slightly stable and should not have been a factor in

causing the large observed stresses that give a total momentum

input over the period shown of 6.5 1-hr/n z , which is 12% higher

than given by the bulk calculations. a run from larch 1977,

V. __ __ _ __ _ __A
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D38B, figure 34 shows that all three methods can be in excellent

agreement over a long period of tine provided the wind is

reasonably steady. Over this period of nearly two days, the

cumulative momentum input from the dissipation calculations is

less than 3% higher than that found from the bulk formula.

In general the Reynolds flux method verifies the

dissipation calculations, but an exception is found at hour 28

of run D29D, figure 32. The flux run, T61, is an average of

only 3 groups (40 minutes) starting 15 minutes after the

beginning of the hour 28 dissipation average. In this 15 minute

interval there was a sudden 4 n/s increase in wind speed, which

the hourly averaging smooths. The simultaneous dissipation run

does agree with T61 (Appendix), illustrating that identical time

intervals are required for intercomparisons. The flux run,

T112, at hour 14 of run D33C (figure 31) is also found to be in

much better agreement with its simultaneous dissipation run than

with the hourly average. Run D33C discloses a sampling problem

associated with the tower operation of the Reynolds flux system.

Bost of the low wind speed runs were collected in September when

the drag coefficients tend to be low. Later, when the sore

variable winds sees to produce some very high coefficients at

wind speeds below .10 i/s, the Reynolds flux system was prevented

from recording by the wind speed limit setting. Thus the

Reynolds flux data set (figure 19) tends to be biased toward

small CDes, relative to 6.1, at the low wind speeds and to

exhibit a trend with wind speed over the whole range of

measurements. Above the maximum wind speed limit setting (12

a/u) 6.1 fits the data of figure 19 very well.

........... *I .---
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It appears that the bulk aerodynamic method gives good

estimates of the total momentum input or average stress over

periods of a few days or more. The bulk estimate should improve

if measured or approximated stability conditions are included.

It has been shown that in steady winds the hourly bulk estimates

are good measures of the stress, but with more variable winds

they may consistently differ, over periods up to a day, from

dissipation estimates. With comparable error in both methods,

it is not obvious which is the more accurate. It is conceivable

that the varying winds are producing systematic errors in one or

more of the dissipation method's assumptions and causing the

discrepancies. However, if this occurred it is likely that the

overall scatter of figure 28 would be greater than the scatter

in drag coefficients calculated from other methods, which is not

observed. It is felt that, since at least some of the scatter

in measured drag coefficients at the same wind speed is real,

dissipation measurements, although subject to random errors,

ought to follow changes in the real stress more closely than

bulk estimates. A bulk formula based on long term averages may

not be strictly applicable to short term phenowena, such as wave

development during a rising wind or the deepening of an inlet's

upper layer following a switch from down to strong up inlet

winds. In such cases, it may be possikle to devise an

appropriate formulation cabable of providing good hourly stress

values with minimal measurement error. A possible means of

incorporating variable wind effects would be to allow the drag

coefficient to depend on the past history of the wind.

At ji
I-
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6.3 Bulk Aerodynamic Parameterization Of The Sensible Heat Flux

The sensible heat flux is parameterized in terms cf a

surface - air temperature difference. The mean air temperature

at 10, T10, is obtained from the average temperature at the

measurement height, TZ, through equation 2.11. At the Bedford

tower the surface temperature, TSFC, is approximated by a sea

temperature, TSEA, measured about lOs below the mean sea level,

where the heating and cooling of the surface by radiation and

heat exchanges with the atmosphere may not be followed exactly.

On CCGS Quadra a surface "bucket" temperature was recorded as

part of the 3-hourly meteorological observations. These are

interpolated to give hourly TSEA values, which may be a problem,

because the ship was steaming through large sea surface

temperature gradients during the one run that useful tenperature

measurements were recorded. At any time then, TSEA may differ

substantially fron a representative surface temperature. As a

precaution that the Stanton number, CT (equation 2.9), is not

too adversely affected, data used in the parameterization are

restricted to conditions with ITSEA-TZI > 1.o0C, even though the

flux measurements may still be reliable.

Figure 35 is a plot of <wt> against 910 AT (AT-TSRA-T10),

for all 129 hours of unstable temperature data, and a regression

line (the average of <Vt> against U1O AT and 010 AT against

<wt>). The 23 hours of data from the weathership (platted as

pluses) show considerable scatter, but no systematic departure

from the tower results (triangles). The regression is

_ __ ___ _........___ ____ ___ ___ ___ _..-- -
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<wt> - 0.00100 U10 AT + 0.0029 OC/s

103 CT10 - 1.00 + 2.9(OCa/s) / (010 AT) , (6.2)

with a correlation coefficient of 0.86. This is almost

identical to the formula given by Friehe and Schmitt, 1976, for

O< 010 AT <25 oCm/s only. Restricting the parameterization to

data with I<wt>l >0.O004Cm/s, U10 >4.0 a/s and JITj >10C

eliminates low heat flux and small U10 AT situations, but a

positive heat flux is still predicted at U10 AT = 0, although

the value of 0.002 oCm/s given by Friehe and Schmitt, who used

mostly small heat flux data, is probably more realistic. The

additional data at higher sensible heat fluxes indicate that a

single parameterization is acceptable from U10 AT =0 to possibly

more than 100 oCm/s. Again this result is in accord with the

BIO tower data of Smith, 1979, but the average coefficient is

much lower than found by Smith and Banke (1975) from a limited

number of Sable Island measurements.

The sensible heat flux time series from run D33C, figure

36, shows that seemingly very small Stanton numbers arise during

a rapid increase in air temperature, just after AT first goes

negative. Fortunately, Reynolds flux measurements (squares) are

also available over this period and their good agreement with

the dissipation method verifies the treatment of equation 2.21.

Temperature spectra from the Reynolds flux recordings do not

display any evidence of salt contamination, so it is felt that

the <wt> values from this period are reasonably accurate.

However, it is possible that they are significantly less than

their surface values. The loss of sensible heat flux with

4;i
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height was discussed in section 2.1 and if the 0.50 C/hour

heating were due solely to the vertical flux divergence, then a

40% loss in flux at 13n would be expected. Qualitatively the

low CTN values observed can be explained by speculating that

<wt> was measured above the "constant sensible heat flux" layer,

since if this were the case, the percentage of the loss should

decrease as the magnitude of the surface flux increases and no

loss should be evident after the peak temperature. However,

there is probably a great deal of heating due to horizontal

advection, which would mean less loss of flux with height.

There are other situations of rising temperature which do not

seen to be affected to such a great degree so possibly the

measured <vt>,s do not differ from the surface flux by as much

as the low CTN's would suggest. Another possibility is that

TSEk at a depth of about 10m is not tracking the surface

temperature. In the 12 hours prior to run D33C there was very

little, wind and the air temperature was below -150C, giving a

huge AT of about 200C. It appears as if the surface

temperature, TSFC, may have become much colder than TSEA during

this time, because as the air warmed and the wind increased,

presumably mixing the unstable water column, TSEA actually

decreased from 3.9 to 3.50C. It is not impossible that the

surface heating produced by the later high air temperatures was

prevented from mixing down to the sea temperature probe by the

then stable upper water column. In this situation TSEA could

become less than TSFC by enough to produce the observed behavior

of D33C and to upset the parameterization of the sensible heat

flux. There was only one other similar situation at the tower

(I 3
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and even lover Stanton numbers were calculated, but these data

were rejected on the basis of abnormal temperature spectra.

Despite the preceding arguments, lover than average CT values

may occur in the circumstances described, but they are not

likely to occur over the open sea, so this period of D33C is not

included in the parameterization and analysis of the stable

sensible heat flux.

Figure 37 is a plot of -<et> against -U10(TSEA-T10) from

131 hours of stable stratification with the suspect D33C results

plotted as crosses. The regressions of -<wt> against -010 AT

and -010 AT against -<vt> for the 123 triangles have a

correlation coefficient of 0.93 and when averaged yield

<vt> - 0.00075 010 AT + 0.0020 °Cm/s

101 CTIO - 0.75 + 2.0 (ocm/s) / (010 &T) , (6.3)

which is also plotted on figure 37. Again a positive heat flux

of about 0.002 oc/s at U AT-O is indicated even though there is

no data with tU ATI< 5oC/s. Inclusion of the suspect D33C data

lessens the slope to about 0.00065. Friehe and Schmitt only

considered data with U AT> -15OCm/s and their suggested formula

differs from 6.3 by only 10% at U AT - -15OCm/s. There are only

a few data points beyond 9 AT- -35oCm/s that contribute to 6.3,

which, therefore, cannot be expected to be representative of

more negative U AT's. The BIO tower results (Smith, 1979)

contain more, large negative heat flux runs and suggest a larger

CT1O of about 0.00083. Llthough the BI regression differs from

6.3 by about 13% at OAT - -100 oCm/s, the data points overlap



156

0)

X-I

x

I~c-

U-c

x
x

I -

ZT'O 1"D Polo 9O 0000 2*

FIGURE 37 Parameterization of the sansitle beat flux (@Crn/s)
in stable stratification. Crosses are from D33C.
Solid line is a regression of the triangles only.



157

very well. A single parameterization of the sensible heat flux

in stable stratification should adequately describe all the

measurements, but it appears to differ from the unstable case.

It is felt that the uncertainty in U10 &T is perhaps

greater than in <vt>, so band averaging is carried out over

bands of <vt> and the results are tabulated in table XII. The

band averages are reasonably well described by 6.2 and 6.3 over

the entire range of measurement, thus linear fits to the data of

figures 35 and 37 are appropriate. The ratio of the averages

gives a CT1O for each band and the unstable values are clearly

higher than the stable ones. The individual points are far too

few and scattered for any trends to be seen. For example, the

103CT1O value of 1.21 in the 0.05 to 0.07 OCn/s band, beccmes

1.o0 if U10 &T is increased by only 1/2 a standard deviation.

Stability Effects

The stability dependence of the neutral Stanton number is

examined in figure 38, where CTN, equation 2.12, is plotted

against Z/L. The solid lines represent the overall averages:

123 stable 103 CT! - 0.69

129 unstable 103 CT! = 1.08 , (6.4)

about which the standard deviations are 0.16 and 0.36,

respectively. There is not a great deal of data on which to

base definitive conclusions, but it appears as if CT! and Zot

are reasonably independent of Z/L in stable and unstable
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Bange of <vt>I Average <Vt> lAverage U1OAT 1 103 CTIOi Number
OCm/s ±1 standard 1 +1 standard I ratio ofi of I

I deviation I deviation I averages runs I
II*I I

0.09, 0.11 I .098 +.007 I 84.9 +30 I 1.15 I 4
II I I II

+ I"
0.07, 0.09 I .080 t.007 I 79.0 16 I 1.01 I 7
I I I I
II I - I

0.05, 0.07 I .058 *.005 I 47.9 +16 I 1.21 I 15
II I I II

I I I I .I
0.03, 0.05 I .038 !.007 I 35.5 :13 i 1.07 I 38

II I I II

0.01, 0.03 I .023 t.005 I 22.0 t8.2 I 1.05 I 58
II I I II

IIII
0.006, 0.01 I .007 t.001 I 9.86 1.7 I 0.71 I 7
II I I II

* 4 I I
-.01, -. 0041 I .008 *.C02 I 13.7 ±3.6 I 0.59 I 43

I I I II
II I -I I
-.02, -. 01 I .014 +.003 I 22.4 ±8.4 I 0.62 I 55
II I I II
II* I I

-.03, -. 02 I .025 ±.003 I 311.0 ±6.0 I 0.741 I 19 1
II I I II

-.05, -. 03 I .035 I 50..3 I 0.70 I 3
II I I II

I -I t II
-.07, -. 05 I .057 I 71.6 I 0.80 I 3

I I I I II

TABLE XII Paraseterization of the sensible heat flux by band
averaging U &T over ranges of <wt>.

stratification separately. However, the discontinuity in the

mean CTN at Z/L-0, implies a dramatic change in Zot. This

feature could be incorporated into the theory by relating Zot to

a parameter that changes character abruptly at neutral

stability, but that othervise has very little stability

dependence as is indicated by the relative constancy of the

Ik.



159

N

400

I

NO o

4343 •rnf
slt

s e u l a a

N43 4 1o4

43 T

.... ... ...... ..... ... ... .. . .H / . .. .. ... ' .. ... . . .. I .. ... ... .. ... ,I. .. .i l F .. ." : .... .. .. .. .... .. ...4 3i i



160

average CTN away from Z/L=0.

There is a great deal of scatter in figure 38 and it should

be reiterated that microbead contamination by salt particles

could only be checked at the few, sometimes infrequent, times

for which spectra were available from the Reynolds flux system.

It is therefore possible that some contaminated data has escaped

notice and is responsible for some of the high CTN values at

Z/L<O. Similarly, because temperature and humidity are

oppositely correlated in stable stratification, contaminated

data may be responsible for some low CTN's at Z/l >0. The high

CTIO values following hour 40 of run D38B (figure 39) are quite

likely a result of bead contamination, because a Reynolds flux

run at about hour 44 was rejected on the basis of a lack of low

frequency variance in the temperature spectrum and the run at

hour 41 was a borderline case.

Wind Sed Effects

Equation 2.12 relates CTN to Zo, indicating that it should

increase with wind speed above 10 m/s, if Zot does not

counteract the increase in Zo. The situation may be complicated

by the observed dependency of Zot on Z/L, which correlates with

wind speed. The effect of wind speed on CTN is investigated for

the stable and unstable case in tables XIII and IN

respectively. In the stable case there is no indication of an

increase in CTN with wind speed. In fact above 10 i/s where CDN

begins to increase, there is a hint, albeit not significant,

that CTN decreases. In table XIV the means are scattered, but
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Wind speed Number M Bean 103CTN i Minimum Mazimum
range (m/s) I of runs I ±1 standard I

I deviation I
!I '

6 to 8 19 I 0.71 *.18 I 0.43 1.12
III III
1III I

8 to 10 39 I 0.73 *.17 I 0.47 1.61
I II III

! I
10 to 12 25 I 0.65 ±.14 I 0.36 0.98

III II
! I

12 to 14 26 I 0.69 *.13 I 0.44 0.88
III III

III I
14 to 18.2 14 I 0.62 + .20 I 0.29 0.88

I I I II

TABLE XIII Averaged neutral Stanton number as a function of
wind speed in stable stratificaticn only.

again there seems to be no obvious wind speed dependency.

However, nearly all of the data in table XXV above 18 a/s cone

fro* CCGS Quadra,. which did not really yield enough data at the

lover wind speeds to fully intercompare the ship and tower

results. There is a suggestion in table XIV that the unstable

CTN increases from U10 - 10 to 18 a/s. Larger CTN values are

reported over shallow water by Prancey and Garratt, 1978, who

find an increase with wind speed given by 103CTI = 0.083 Ul0

0.48. The contention that CTV increases with UlO is apparently

supported by run D33C, figure 36, where the increase in UZ from

10 to 13 a/s (hours 7 to 10) is accompanied by a sharp rise in

CTN from about 1.0 to l.4zl-l-. The rise in CTN with winds

above 10 a/s appears to be greatly perturbed by the transition

to stable stratification and although the following stable data

are suspect, the rise seems to subsequently continue. No

4
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Vind speed I Number M mean 103CTN i Minimum maximum
range (m/s) I of runs ±I standard I

| I deviation | I.I
I , I I I

5.5 to 8 I 32 I 1.13 .47 | 0.56 2.28 III I III
3,, I I
8 to 10 I 29 I 0.94 +.28 i 0.54 1.47
II I I I

, I 'I I
10 to 12 I 25 I 1.06 :.34 I 0.64 2.21
II I I II
II I I

12 to 14 I 11 1.13 :.24 I 0.71 1.38
II I I II
1 I -I
14 to 18 I 13 I 1.31 ±.24 I 0.43 2.01II I I I

i ' I I
18 to 22 I 13 1 1.14 ± .28 I 0.78 1.76
II I II

I I II
22 to 26 I 6 I 0.90 ± .06 I 0.85 0.99

II I ,, II

TABLE XIV Averaged neutral Stanton number as a function of
wind speed in unstable stratification only.

definite conclusion is possible because of the lack of data and

the strong influence of stability. For example, if the suspect

D33C data were included in the 14 to 18.2 a/s range of table

XIII, the band average would decrease giving a smaller CTN at

the highest speed, even though these additicnal CTN's increase

with wind speed.

These results do not, therefore, rule out the possibility

that CTN follows the wind speed dependency of Zo. However,

because this trend is not supported by the Quadra results,

because of the limited amount of data, some of which is possibly

contaminated (run D38B), and because the stability effects are

not fully understood, the neutral Stanton number is not

A" -
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formulated as a function of wind speed. It is an interesting

observation that, on average, CTN for Z/L<O, 0.00108, is very

nearly equal to CDN for 4.0< U1O <10 m/s, 0.00114, implying Zo!

ZotM 0.0058 ca. It is possible that Zot remains constant above

10 m/s with CTS increasing due to Zo. If this is true, CTN

could be obtained froean experimentally determined Zot and a Zo

given from a CDV formulation, using equation 2.12.

Method Comparison

The bulk estimates of the sensible heat flux shown by the

solid lines of figures 36 and 39, are calculated from the

stability dependent CTN given by 6.4. As outlined in section

2.3, the neutral Stanton number is converted to a CT at the

measurement height, wind speed and stability. The error in bulk

estimates found from <it> = CT UZ AT, equation 2.9, is about 2%

from UZ, perhaps 10% from CTV and only 5% from Z/L, because the

bulk stability estimate is always available. In addition

considerable error is introduced through &T, which may sometimes

be in error by 0.50C. Even with a large AT of 50C, the erzor is

10%, making the bulk sensible heat flux calculations more

uncertain than those of the momentum flux. Vith a large

possible error and problems with the data, it is difficult to

compare the bulk and dissipation estimates in the time series.

The Reynolds flux calculations (squares) lend credibility to the

dissipation estimates (pluses), because of the generally

excellent agreement between the two methods. Figure 39 shows

the sensible heat flux time series from run D38B and (like the

momentum flux of figure 34) the bulk, eddy correlation and the

A
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dissipation estimates of the sensible heat flux continue to

agree for a considerable length of time. On the whole the

sensible heat flux parameterization is compatible with the

results of Priehe and Schmitt, 1976, and Smith, 1979, so a

combination of all available data should give a CTN formulation

capable of providing reasonable averages (over a few days or

more) of sensible heat flux values, depending on the accuracy of

AT. However, as with the momentum flux, there may be short

lived situations, as possibly seen in D33C, where a

parameterization, valid for long term averages, does not

strictly apply. It is also possible that erronous &T values are

causing the difference between the bulk and dissipation

calculations between hours 2 and 10 of D33C, figure 36 and, as

has been discussed, between hours 12 and 24.
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CHAPTER 7 SUMMIR! A_D goNCLSIONS

The experimental program described in this thesis

successfully measured the momentum and sensible heat fluxes over

the sea at winds between 4 and 26 m/s. As hoped, a great many

hours of momentum flux data were suitable for analysis, but much

less sensible heat flux and no moisture flux data were found to

be reliable. Success depended chiefly on the performance of the

sensors and on the establishment of the dissipation method as a

viable means of measuring the fluxes of momentum and sensible

heat.

The velocity sensor worked very well, but there were some

problems with the temperature measurements and no humidity

sensor was found to be suitable for remcte oFeration in a

salt-air environment. The Gill twin propeller-vane anemometer

operated for periods of more than a month in adverse conditions

without servicing. It provided the fluctuating horizontal and

vertical velocities to the Reynolds flux system and responded to

the lower frequencies of the downstream velocity spectrum's -5/3

region sufficiently for the molecular dissipation to be

inferred, although the propeller responses first had to be

determined. The distance constant was found to depend on the

type and weight of propeller, the wind speed and the angle of

attack. The humidity sensitivity of salt contaminated

microbeads was recognized by the lack of lcw freguency variance

in the temperature spectrum, but only sometimes were other

characteristics, such as the absence of a -5/3 region, observed.

II
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This behavior remains a major problem with the remote operation

of this type of sensor. The response of the microbeads seemed

to be limited by its protective enclosure and was described by a

distance constant of about 0.90m, which is adequate for both the

Reynolds flux and dissipation methods.

Reynolds flux measurements from the Bedford tower were

shown to be realistic by comparisons with spectra, cospectra and

turbulence statistics from previous studies. In addition, the

drag coefficients and Stanton numbers were generally comparable

to the results of Smith, 1979, however there is probably a bias

to small drag coefficients at low wind speeds as a result of the

Reynolds flux sampling. Universal shapes for the velocity

spectra and cospectra in both the stable and unstable cases,

were found from averages over the 196 momentum flux runs. With

only 60 temperature runs available, there was considerable

uncertainty in the normalized temperature spectrum and v,t

cospectrum. The integration of all cospectra began at n=0.004,

then the unstable and stable *uw(f) and the unstable and stable"

*wt(f) integrals were multiplied by 1.06, 1.005, 1.10 and 1.04,

respectively, in order to account for the lower frequencies.

This method was found to preserve covariance, on average, and to

reduce the scatter in eddy correlation measurements caused by

the uncertain low frequency contributions to the fluxes.

j.!
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Reliable Reynolds flux estimates were needed for comparison

with simultaneous dissipation calculations and the dissipation

method was shown to give essentially the same results, on

average. The agreement between the two methods was found to be

best when the magnitude of the fluxes was large. In all but the

most stable stratification (Z/L>0.05), u*DISS1, the neutral

dissipation method, which does not require an explicit stakility

parameter, was found to be in quite good agreement (to within

about 20%) with eddy correlation values of u*. The agreement

between the two techniques improved, particularly the sensible

heat flux calculations, when the stability modification of the

logarithmic profiles and the buoyant production were

incorporated into the dissipation method (u*DISS2 and

<wt>DISS2). These corrections involved the stability parameter,

for which a bulk estimate Z/L(AT) was shown to be a reasonable

approximation, on average. A linear regression gave

u*DISS = 0.96 u*FLUX + 0.025 n/s ,

where the positive offset results from a tendency for <uu>DISS

to te greater than <uw>FLUX by more than 30%, in the most stable

runs (Z/L>0.10). In near neutral conditions (-0.45 <Z/L< 0.05)

at all wind speeds the momentum flux calculations agreed to

within 4%, on average. The agreement between the sensible heat

flux calculations was very good, with a regression giving

<wt>DISS = 1.04 <wt>FLUI.

An
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The Bedford tower experiment established that reliable

dissipation estimates of both the momentum and sensible heat

fluxes and the bulk estimates of Z/L could be obtained from the

CCGS Quadra. A favourable comparison of ship and tower

dissipation drag coefficients showed the Bedford tower to be

essentially an open ocean site, which allowed the combined 1591

hours of momentum flux and 260 hours of sensible heat flux

measurements to be considered as a single open ocean data set.

The dissipation data showed the neutral drag coefficient to

depend on wind speed, as approximated by

103CDN = 1.14 4I < 010 < 10 s/s

1OCDN - 0.49 + 0.065 U10 10 < U10 < 26 i/s.

Below 10 i/s the variability of CDN with wind speed, fetch, and

stability was minimal, < 5% on average. Time series of

calculated CDNts displayed about a 10% random fluctuation. Bulk

estimates of the momentum flux were obtained from the above

formulation by: first, shifting the measured wind speed to 10m

with an iterative technique involving CDN; second, calculating

CDN; third, shifting CDN to CD (the drag coefficient at the

measurement height, Z, wind speed, UZ, and stability Z/L(AT) );

fourth, applying the bulk aerodynamic formula -<uw> = CD UZz.

It was shown that the neglect of Z/L would produce a minor error

in the calculated 010 and CDN, but that the CD found in step 3

could be affected by as much as 20%. However this error was

reduced to 5% by using the bulk stability estimate. Errors in

the CDN formulation, OZ and Z/L could add up to 15% in the bulk

* "4
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estimates, which were seen to give a good measure of the

momentum flux averaged over a few days or more and a good hourly

average when the wind was steady. Over periods of up to a day,

the bulk and dissipation calculations were seen to consistently

differ by as much as 30%. These discrepancies were found to be

associated with varying winds, with the dissipation estimate

being smaller on the rising wind and larger on the falling wind

or after a change in wind direction. The conclusion drawn was

that the surface roughness and hence drag coefficient depend on

surface parameters which are a product of both past and present

winds.

A constant neutral 10m drag coefficient was found to be an

adequate description of almost all recent measurements over deep

water, throughout the wind speed range, 4 to 10 a/s. The value

of the constant varied from about 1.1xIO-3 to 1.3x10-3. This

behavior has been found by the eddy correlation, dissipation and

profile methods, but measurements from onshore or shallow water

sites often displayed a distinctly different wind speed

dependency. A reasonable compromise over the open ocean mould

be to use 103CDN = 1.2 in the bulk aerodynamic method for winds

up to 11 r/s. At UIO = 11 m/s, the high wind speed regression

of this study, 103CDN = 0.49 + 0.065 UO 2 1.2 . Since this

regression fits the only other large set of open sea high wind

speed data (Smith, 1979), it should give satisfactory CDN's at

the higher wind speeds (to at least 26 i/s).
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It was necessary to parameterize the sensible heat flux

differently in stable and unstable stratification. The majority

of the data were in the ranges -40 <U10 AT< 60"Ca/s, -0.3 <Z/L<

0.1 and 6 <310< 18 /s, for which either

0<vt> a 1.00 U10 AT + 2.9 °Cm/s stable

10<wt> a 0.75 UIO AT + 2.0 ocm/s unstable

or 103CTN - 1.08 unstable

103CTN a 0.68 , stable

described the results. More measurements of CTN were needed in

order to confirm or deny a wind speed dependency, which was

suggested by some of the data. Bulk estinates of the sensible

heat flux were obtained with <wt> = CT UZ AT, where CT was found

from Z/L, CDN, CD and the stability dependent CTN. The errors

were comparable to those of the bulk momentum flux estimates,

except for the uncertainty in AT, which could have added

considerable error depending on its magnitude. It was noted

that all available data are reasonably consistent, making a good

parameterization of the sensible heat flux feasible.
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APPENDIX THE INTERCOMPMRISON RESULTS

RUN TIME DATE UZ(M/S) TZ TSFC Z/L u* (u/s) 10<ut>
GAT 1976 OTrue °C °Ca/s

FLUX DISS FLUX DISS

TI 17:00 17/ 9 6.4 232 16.8 17.5 -. 12 0.1S7 0.193
T2 18:00 17/ 9 6.4 240 16.6 17.5 -. 13 0.173 0.171 0.038 0.043
T3 19:00 17/ 9 6.1 243 16.6 17.5 -. 16 0.158 0.166 0.042 0.036
T4 20:00 17/ 9 6.3 236 16.3 17.5 -.17 0.197 0.167 0.051 0.031
T5 21:00 17/ 9 6.3 235 16.3 17.5 -. 18 0.195 0.177 0.042 0.030
T6 3:00 18/ 9 6.8 238 17.1 17.5 -. 09 0.176 0.224
T7 4:00 18/ 9 7.7 232 17.2 17.5 -.05 0.229 0.244
T8 5:00 18/ 9 7.3 243 16.9 17.5 -.08 0.225 0.240
T9 0:00 19/ 9 5.8 233 17.1 16.7 0.00 0.185 0.215
T1O 1:00 19/ 9 6.1 233 17.2 16.7 0.01 0.179 0.211
Tll 2:00 19/ 9 6.2 228 17.1 16.7 -.01 0.192 0.207
T12 3:CO 19/ 9 6.8 236 17.0 16.7 -.01 0.187 0.217
T13 14:00 19/ 9 6.8 167 16.7 16.3 -.01 0.227 0.250
Tl4 18:00 19/ 9 6.0 199 17.4 16.0 0.09 0.164 0.170 -.022 -.034
T15 19:00 19/ 9 6.7 214 17.3 16.0 0.07 0.190 0.192 -.022 -. 028
T16 20:00 19/ 9 8.4 209 16.9 16.0 0.02 0.2,j7 0.235 -.003 -.017
T17 21:00 19/ 9 9.5 213 16.9 16.1 0.02 0.296 0.291 -.011 -.015
T18 22:00 19/ 9 10.4 212 17.0 16.2 0.01 0.349 0.326 -.014 -.019
T19 23:00 19/ 9 9.0 217 16.9 16.6 -.01 0.324 0.286 0.010 -.030
T20 0:00 20/ 9 8.5 226 16.8 16.8 -.03 0.287 0.270 0.021 -.043
T21 1:00 20/ 9 9.2 230 16.6 16.8 -. 04 0.326 0.285 0.058 0.062
T22 2:00 20/ 9 8.6 234 16.3 16.9 -. 06 0.266 0.272 0.063 0.081
T23 3:00 20/ 9 7.3 231 16.2 16.8 -. 09 0.242 0.234 0.056 0.075
T24 4:00 20/ 9 6.8 236 16.2 16.8 -. 10 0.220 0.229 0.040 0.063
T25 5:00 20/ 9 6.6 238 16.2 16.8 -. 10 0.200 0.247 0.024 0.060
T2E 6:00 20/ 9 7.0 233 16.2 16.7 -.08 0.220 0.238 0.032 0.058
T27 7:00 20/ 9 7.4 238 15.7 16.4 -.08 0.240 0.229 0.054 0.058
128 8:00 20/ 9 7.6 250 15.3 16.3 -. 11 0.221 0.228 0.048 0.058
T29 9:00 20/ 9 7.7 244 14.8 16.3 -. 14 0.202 0.213 0.054 0.057
T30 14:0O0 20/ 9 7.3 220. 16.7 16.3 0.00 0.219 0.204
T31 15:00 20/ 9 6.9 220 16.8 16.41 -.00 0.187 0.191
T32 16:00 20/ 9 8.0 221 16.3 16.4 -.03 0.244 0.239
T33 17:00 20/ 9 7.5 220 16.8 16.6 -. 02 0.240 0.235
T34 18:00 20/ 9 5.9 220 17.3 16.7 0.01 0.168 0.180
T35 5:00 21/ 9 7.2 201 17.1 16.8 -. 01 0.246 0.267
T36 6:00 21/ 9 6.8 204 17.3 16.9 -.00 0.222 0.242
T37 7:00 21/ 9 7.5 198 17.4 16.9 0.01 0.242 0.264
T38 8:00 21/ 9 8.7 197 17.5 17.0 0.00 0.267 0.290
T39 9:00 21/ 9 8.3 193 17.6 17.1 0.00 0.258 0.270
140 10:00 21/ 9 8.2 190 17.9 17.2 0.01 0.290 0.267
T41 11:00 21/ 9 8.4 182 18.0 17.2 0.02 0.259 0.273
T42 12:00 21/ 9 9.1 178 18.3 17.2 0.04 0.238 0.253
T43 13:00 21/ 9 8.6 182 18.4 17.2 0.04 0.263 0.277
T4I 1 1:00 21/ 9 8.6 180 18.4 17.3 0.03 0.278 0.285
T45 15:00 21/ 9 9.0 183 18.6 17.4 0.04 0.295 0.302
T46 16:00 21/ 9 9.5 183 19.0 17.4 0.05 0.302 0.317
T47 19:02 23/ 9 9.9 231 16.4 16.9 -.04 0.362 0.298
T48 20:00 23/ 9 10.1 230 16.6 16.9 -.03 0.335 0.318
T49 23:00 23/ 9 11.7 224 16.1 17.0 -. 04 0.359 0.359

&-A
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RUN TIME DATE UZ °TRUE TZ TSFC Z/L u* (a/s) 10<vt>
GMT 1976 FLUX DISS FLUX DISS

I -,.• ,

T50 2:00 24/ 9 11.9 228 15.5 17.0 -.06 0.396 0.367
T51 5:00 24/ 9 10.2 229 15.6 16.5 -. 06 0.356 0.326
52 11:00. 24/ 9 9.6 215 16.1 16.3 -.03 0.321 0.298

T53 13:16 24/ 9 9.8 211 16.4 16.4 -.02 0.340 0.302
T54 14t32 24/ 9 10.3 208 16.7 16.6 -.01 0.303 0.311
T55 20:12 24/ 9 7.2 210 16.2 15.9 -. 01 0.231 0.247
T56 11:00 27/ 9 11.4 162 14.7 16.0 -.06 0.394 0.349
T57 12:11 27/ 9 12.1 162 15.0 15.9 -.041 0.458 0.365
T58 13:38 27/ 9 13.5 166 15.8 15.8 -.01 0.442 0.438
T59 15:412 27/ 9 11.9 167 16.8 15.2 0.03 0.448 0.368
T60 16:36 27/ 9 11.1 194 16.6 14.5 0.05 0.338 0.360 -. 146 -. 160
T61 20:14 27/ 9 15.2 210 16.7 14.2 0.04 0.585 0.529 -. 302 -. 257
T62 23:00 27/ 9 10.7 228 15.8 14.1 0.04 0.331 0.352 -. 121 -. 144
T63 11:00 28/ 9 9.8 11 10.9 14.7 -. 19 0.300 0.308 0.236 0.250
T64 12:48 28/ 9 8.5 10 10.4 15.1 -.29 0.253 0.264 0.233 0.260
T65 23:00 28/ 9 12.0 311 10.8 14.0 -. 12 0.379 0.413 0.284 0.352
T66 5:00 29/ 9 8.9 333 8.5 14.7 -.35 0.339 0.298 0.388 0.413
T67 17:00 29/ 9 10.0 230 12.14 16.0 -. 16 0.341 0.321 0.324 0.294
T68 18:06 29/ 9 11.0 232 12.8 15.5 -. 11 0.370 0.352
T69 19:48 29/ 9 10.2 226 13.3 14.3 -.06 0.356 0.321
7C 23:00 29/ 9 11.8 222 13.9 13.7 -. 01 0.392 0.410
T71 2:00 30/ 9 13.6 236 14.1 13.2 0.01 0.420 0.437
T72 5:00 30/ 9 10.1 243 13.4 12.8 0.01 0.352 0.329
T73 11:30 30/ 9 8.3 239 12.4 13.1 -.07 0.270 0.256 0.059 0.075
T74 2:23 10/10 13.9 191 18.8 16.2 0.04 0.523 0.496 -.276 -. 246
T75 5:23 10/10 17.1 191 19.4 16.3 0.04 0.638 0.670 -.368 -. 374
T76 8:23 10/10 12.7 224 16.5 16.2 -.00 0.476 0.470 -.055 -.064
T77 11:23 10/10 15.8 223 17.1 16.2 0.01 0.660 0.580 -.013 -.067
T78 12:53 10/10 17.5 232 16.6 16.1 0.00 0.714 0.682
T79 14:01 10/10 17.8 234 15.6 16.0 -. 01 0.762 0.676
T80 17:23 10/10 19.2 238 13.8 15.1 -.02 0.786 0.755
T81 20:23 10/10 16.6 254 12.2 14..2 -. 04 0.641 0.624
T82 22:23 10/10 14.0 268 11.5 13.6 -.05 0.523 0.504
T83 23:23 10/10 13.6 271 11.1 13.3 -.06 0.442 0.495
T84 2:23 11/10 12.3 265 10.1 12.4 -.07 0.396 0.417
T85 5:23 11/10 10.5 269 9.2 12.5 -. 14 0.401 0.373
T86 16:01 14/10 7.7 177 13.3 7.7 0.30 0.173 0.203 -.027 -.052
T87 17:17 14/10 10.2 174 13.6 8.3 0.18 0.318 0.297 -. 112 -. 105
T88 18:35 14/10 11.4 179 13.2 10.2 0.08 0.355 0.376 -. 162 -. 158
T89 20:17 14/10 6.3 212 12.1 10.7 0.09 0.224 0.237
T90 8:23 15/10 16.1 259 7.6 10.5 -. 05 0.625
T91 11:23 15/10 15.7 263 7.9 10.1 -. 04 0.692
T92 12:29 15/10 14.4 263 7.7 9.7 -.05 0.515
T93 14:23 15/10 14.6 259 8.2 9.3 -. 03 0.559
T94 17:23 15/10 13.7 259 10.5 9.0 0.02 0.546 0.491
T95 19:00 15/10 13.2 260 11.4 8.8 0.041 0.535 0.496 -. 186 -. 187
T96 2:10 27/11 12.4 199 7.9 5.7 0.04 0.496 0.441 -. 181 -. 168
T97 2:10 28/11 11.3 215 8.1 5.4 0.07 0.377 0.416 -. 173 -.229
T98 0:00 3/12 11.7 123 5.4 4.6 0.02 0.393 0.411 -.052 -.059
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Ul1 TIE DATZ UZ OTRUE TZ TSFC 14 u* (/S) lO<ut>
GRT 1976 FLUX DISS ?LUX DISS1 .. • -

T99 6:00 3/12 12.4 216 6.9 .6 0.05 0.41214 0.447 -.180 -.185
TIO 9:00 3/12 17.9 250 3.1 4.6 -.02 0.826 0.752
TIOl 12:00 3/12 18.6 264 -2.5 4.6 -.09 0.733 0.737
T102 15:00 3/12 18.5 274 -9.7 4.6 -.19 0.7456 0.724
T103 18:00 3/12 16.9 278 -11. 4.6 -.26 0.672 0.690
T104 21:00 3/12 15.0 270 -12. 4.5 -.33 0.552 0.588
TIOS 0:00 4/12 16.8 267 -11. 1.5 -.25 0.735 0.690
T106 3:00 4/12 19.3 269 -9.6 4.5 -.17 0.817 0.806
T107 6:00 4/12 15.9 266 -10. 4.4 -.27 0.633 0.599
TiOS 9:00 4/12 16.0 261 -8.9 4.3 -.22 0.551 0.559
T109 12:00 4/12 14.4 265 -7.8 4.3 -.26 0.500 0.495
TIlO 15:00 4/12 10.7 261 -5.8 4.2 -.34 0.352 0.414
Till 15:00 7/12 11.7 169 2.5 3.5 -.04 0.118 0.380 0.179 0.200
T112 18:00 7/12 11.6 139 4.1 3.5 0.01 0.478 0.519
T113 21:00 7/12 17.1 143 5.8 3.6 0.03 0.660 0.651 -.131 -. 125
T114 0:00 8/12 18.6 153 7.6 3.5 0.04 0.746 0.736 -.385 -.352
TIS 3:00 8/12 18.9 159 7.8 3.6 0.04 0.728 0.729 -.435 -.516
T116 6:00 8/12 13.3 170 7.9 3.6 0.08 0.518 0.506 -.372 -.152
T117 18:00 9/12 14.6 300 -11. 3.6 -.31 0.601 0.598
TIlS 21:00 9/12 18.3 302 -14. 3.5 -.27 0.640 0.739
T119 0:00 10/12 17.1 302 -17. 3.1 -.33 0.675 0.695
T120 3:00 10/12 15.6 292 -17. 3.4 -.38 0.656 0.607
T121 6:00 10/12 16.9 289 -15. 3.3 -.31 0.487 0.592
T122 9:00 10/12 13.5 278 -11. 3.3 -.45 0.463 0.485
T123 2:00 11/12 10.5 211 5.2 3.3 0.06 0.362 0.348 -.069 -.089
T124 8:00 11/12 12.1 220 5.9 3.4 0.06 0.483 0.462 -.159 -.152
T125 11:00 11/12 15.3 230 6.3 3.5 0.04 0.661 0.578 -.228 -.176
T126 14:00 11/12 16.0 231 6.5 3.5 0.04 0.606 0.613 -.251 -.186
T127 17:00 11/12 17.2 291 1.8 3.5 -.03 0.615 0.673
T128 20:00 11/12 16.0 290 -1.0 3.5 -.08 0.565 0.591
T129 23:00 11/12 11.9 308 -2.6 3.5 -.21 0.378 0.433
T130 11:00 12/12 12.6 201 1.6 3.4 -.06 0.46 0.405 0.265 0.296
T131 5:00 14/12 11.2 317 -14. 3.2 -.35 0.531 0.S11
T132 8:00 14/12 11.6 312 -16. 3.2 -.43 0.534 0.543
T133 23:00 14/12 13.2 218 -7.0 3.0 -.27 0.493 0.456
T131 2:00 15/12 18.2 220 2.2 3.0 -.01 0.769 0.735
T135 5:00 15/12 17.5 219 3.9 2.9.0.01 0.693 0.681 -.023 -.047
T136 8:00 15/12 15.9 213 1.8 2.9 0.03 0.663 0.602 -.132 -.082
T137 11:00 15/12 15.6 231 5.15 2.9 0.04 0.613 0.592

1977
T138 0:48 13/ 3 10.6 233 1.9 0.0 0.06 0.221 0.264 -.097 -.116
T139 9:48 17/ 3 10.4 236 1.8 0.2 0.05 0.363 0.355 -.112 -. 104
T140 12:18 17/ 3 11.2 210 1.6 0.3 0.03 0.395 0.387 -.071 -.097
T141 15:18 17/ 3 11.0 23 1.5 0.2 0.04 0.356 0.359 -.079 -.061
T1412 18:18 17/ 3 12.6 259 1.0 0.3 0.01 0.456 0.456
T113 21:18 17/ 3 12.8 270 -0.3 0.3 -.02 0.440 0.64
T144 0:18 18/ 3 12.6 278 -1.3 0.2 -.04 0.12 0.157
T145 3:48 18/ 3 10.5 280 -1.9 0.2 -.09 0.360 0.387 0.21 0.253
T146 6:18 18/ 3 11.3 271 -2. 0.2 -.09 0.389 0.371 0.268 0.237
T147 9:48 18/ 3 11.7 270 -2.2 0.2 -.07 0.380 0.410 0.227 0.279
I .; '
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RUN TIRE DATE UZ oTRUE TZ TSFC Z/L u* (u/s) lO<ut>
GIT 1977 FLUX DISS FLUX DISS

T148 12:48 18/ 3 11.5 282 -1.7 0.2 -. 06 0.405 0.421
T149 15:48 18/ 3 12.7 254 0.4 0.3 -. 00 0.398 0.444
T150 6:48 19/ 3 17.3 61 -1.0 0.3 -. 02 0.654 0.685
T151 9:48 19/ 3 12.8 16 -1.7 0.2 -.05 0.458 0.488
T152 12:48 19/ 3 16.4 347 -2.8 0.2 -. 05 0.646 0.645
T153 15:48 19/ 3 17.6 325 -2.9 0.3 -. 05 0.685 0.708
T154 18:48 19/ 3 14.1 323 -2.8 0.3 -. 08 0.469 0.530
T155 0:48 20/ 3 10.7 296 -1.9 0.2 -. 08 0.347 0.405
T156 21:48 24/ 3 12.3 358 -0.7 0.1 -. 03 0.369 0.425
T157 0:48 25/ 3 12.2 356 -1.1 -0.1 -. 03 0.359 0.415
T158 3:48 25/ 3 11.3 357 -0.9 -0.2 -. 03 0.321 0.369
T159 9:48 25/ 3 10.7 353 -0.5 -0.2 -. 02 0.321 0.360
T160 12:48 25/ 3 10.3 3 0.3 -0.2 0.01 0.290 0.329
T161 15:48 25/ 3 10.6 359 1.5 -0.2 0.05 0.310 0.342
T162 18:48 25/ 3 10.5 358 2.2 0.0 0.07 0.276 0.341
T163 21:48 25/ 3 10.4 356 0.9 0.0 0.03 0.312 0.368
T164 3:48 26/ 3 10.7 353 0.1 0.0 -. 00 0.303 0.352
T165 6:48 26/ 3 10.5 350 0.1 0.0 0.00 0.259 0.333
T166 9:48 26/ 3 10.3 353 0.5 0.0 0.01 0.267 0.333
T167 12:48 26/ 3 11.4 352 1.3 0.0 0.04 0.328 0.369
T168 15:48 26/ 3 10.6 351 0.9 0.0 0.02 0.323 0.365
T169 18:48 26/ 3 12.2 17 1.4 0.0 0.03 0.388 0.424
T170 21:48 26/ 3 12.3 14 1.0 0.0 0.02 0.395 0.421
T171 3:48 27/ 3 10.8 10 1.4 0.0 0.04 0.341 0.371
T172 12:48 27/ 3 11.3 4 1.6 0.0 0.04 0.315 0.370
T173 15:48 27/ 3 10.4 17 2.4 0.0 0.07 0.313 0.350
T174 18:48 27/ 3 10.9 3 3.5 0.0 0.10 0.266 0.335
T175 21:48 27/ 3 8.0 1 2.7 0.0 0.13 0.235 0.287
T176 21:48 29/ 3 8.6 172 2.2 0.0 0.10 0.232 0.298
T177 18:48 31/ 3 11.5 168 3.0 0.0 0.08 0.367 0.413
T178 21:48 31/ 3 7.8 204 3.1 0.0 0.16 0.200 0.242
T17S 12:48 3/ 4 12.6 147 0.6 0.0 0.01 0.451 0.428
T180 15:48 3/ 4 14.2 125 1.2 0.0 0.02 0.562 0.531
T181 18:48 3/ 4 11.4 170 3.1 0.0 0.09 0.407 0.445
T182 3:48 4/ 4 19.1 288 1.8 0.0 0.02 0.626 0.762
T183 6:48 4/ 4 18.0 300 -0.3 0.0 -. 01 0.684 0.723
T184 9:48 4/ 4 16.2 313 -1.4 0.0 -. 03 0.610 0.628
T185 12:48 4/ 4 15.2 311 -0.7 0.0 -.01 0.511 0.566
T186 15:48 4/ 4 13.5 315 0.4 0.0 0.01 0.462 0.519
T187 18:48 41/ 4 10.8 321 1.7 0.0 0.05 0.311 0.388
T188 21:48 4/ 4 10.9 311 1.8 0.0 0.05 0.316 0.374
T189 3:48 6/ 4 15.1 189 6.0 0.0 0.09 0.566 0.573
T190 6:48 6/ 4 13.0 209 4.7 0.0 0.11 0.482 0.471
T191 9:48 6/ 4 10.7 223 1.3 0.0 0.04 0.346 0.399
T192 12:48 6/ 4 12.4 224 1.3 0.0 0.03 0.466 0.460
T193 15:48 6/ 4 12.4 220 1.2 0.0 0.02 0.460 0.448
T194 18:48 6/ 4 14.5 223 1.9 0.0 0.03 0.545 0.5110
T195 21:48 6/ 4 13.2 223 1.5 0.0 0.03 0.461 0.494
T196 0:48 7/ 4 11.6 217 .0.9 0.0 0.02 0.406 0.427


